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ABSTRACT 
Eukaryotic cells must precisely duplicate their genomes before they divide. The 
mechanisms of eukaryotic chromosomal DNA replication are far from clear, however, because 
very few cis- and trans-acting factors that function in eukaryotic DNA replication have been 
identified. To gain further insights into this problem, this work identified and characterized 
potential cis- and trans-acting replication factors for the replication initiation of Tetrahymena 
ribosomal RNA gene (rDNA). 
A search for cis-acting elements identified a cluster of predicted modular sequences and 
structural elements in the origin region of rDNA. The presence of these elements were verified 
experimentally; 1. two mung bean nuclease-hypersensitive sites were localized within the 
S'NTS; 2. three fragments in the S'NTS were found to contain bent DNA structures; 3. 
nuclear matrices were found to be present in the S'NTS. These structural elements were also 
identified in five other eukaryotic origin regions, suggesting that clusters of modular structimd 
elements may be a conserved feature in eukaryotic chromosomal origins of replication. 
Biochemical purification of potential trans-acting factors has led to the identification of 
the first DNA helicase in protozoan, Tetrahymena thermophila DNA helicase I. It co-
fractionated through several steps with ssA-TIBF, an rDNA origin binding protein, indicating 
that they may functionally associate in rDNA replication in vivo. The ATP-binding subunit 
was determined to be -70 kDa, distina from the 24 kDa DNA binding subunit of ssA-TIBF. 
The directionality of this helicase was 3' to 5', indicating a possible functional interaction with 
DNA polymerase moving in the same direction during DNA replication. This helicase 
preferentially unwound helicase substrates containing a foric-like structure which resembles 
replication intermediates. Taken together, the properties of T. thermophila DNA helicase I 
suggest that it could function as a replicative helicase in leading strand DNA synthesis. A 
vii 
model is proposed to describe possible events in the replication initiation of Tetrahymena 
rDNA. 
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CHAPTER 1. GENERAL INTRODUCTION 
The precise control of DNA replication is a prerequisite for faithful transmission of 
genetic information in all dividing cells. The general mechanism of DNA replicanon was first 
suggested by Watson and Crick as a process that involves the melting apart of the two 
complementary DNA strands followed or coupled with the polymerization of each nascent 
strand on the resulting single-stranded templates. In prokaryotes and eukaryotic viruses, DNA 
replication generally starts at one specific site within the genome, referred to as an origin of 
replication. In eukaryotes, the intrinsic determinants of an origin of DNA replication are not 
understood. Since DNA replication is a concerted process involving interactions between the 
DNA templates and replication proteins, i.e. cis-acting and trans-acting elements, respectively, 
identification and characterization of cis- and trans-acting replication control elements is critical 
for understanding the mechanisms of DNA replication. The goal of my project is to investigate 
the molecular evens of eukaryotic DNA replication by focusing on the replication of the 
amplified rRNA genes (rDNA) in the single-celled protozoan, Tetrakymena thermophila. In 
this work, we have identified novel potential cis- and trans-acting factors in rDNA replication. 
General background 
It has been widely assumed that the basic mechanisms of DNA replication would prove 
to be highly conserved in prokaryotes and eukaryotes. A replicon model was presented to 
explain DNA replication in E. coli (Jacob et al., 1963). In this model, a cis-acting DNA 
sequence, the "replicator" (origin), directs a trans-acting factor, the "initiator" protein, to drive 
replication to initiate from a fixed origin. The identification of replicator sequences and initiator 
proteins in prokaryotes and eukaryotic viruses has led to an understanding of how replication is 
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regulated in these organisms. However, more than 30 years have passed since the replicon 
model was presented, and yet origins of replication in eukaryodc cellular chromosomal DNA 
replication have eluded characterization. There is still a lack of the equivalent "replicator" in 
eukaryotic cells with the exception of yeast. In yeast specific cis-acting origin sequences 
required for chromosomal DNA replication have been clearly defined. Therefore, the issue of 
whether higher eukaryotes use specific sequences as origins remains controversial (Benbow et 
al., 1992; DePamphilis, 1993; DePamphilis, 1993; Hamlin and Dijkwel, 1995; Linskens and 
Huberman, 1990). 
We and other groups have identified several common modular DNA sequences and 
structural elements that are shared by several eukaryotic cellular DNA replication origins 
(Dobbs et al., 1994). They are putative DUEs (DNA unwinding element), clusters of MARs 
(nuclear matrix associated regions), bent DNA fragments, ARS (autonomously replicating 
sequence) consensus sequences, and pyrimidine tracts. Among these common modular 
elements, only the DUE has been demonstrated to be a functional component of DNA 
replication origins by facilitating origin unwinding (Huang and Kowalski, 1993; Kowalski and 
Eddy, 1989; Lin and Kowalski, 1994; Miller and Kowalski, 1993; Umek and Kowalski, 
1988). DUEs are inherentiy unstable duplex DNA segment characterized by their 
hypersensitivity to single-strand specific nucleases (Natale et al., 1992). DUEs have low 
helical stability and thus easily unwinds. However, unwinding does not depend on the exact 
DNA sequences. It has been proved that DUE plays an essential role in DNA replication in E. 
coli (Kowalski and Eddy, 1989), SV40 (Lin and Kowalski, 1994), and yeast (Huang and 
Kowalski, 1993) (Umek and Kowalski, 1988) (Miller and Kowalski, 1993). Although no 
specific functions have been demonstrated for the other elements, they exist in six eukaryotic 
origins (Gale et al., 1992) (Benbow et al., 1992) (Dobbs et al., 1994). Based on these 
findings, we propose that initiation in higher eukaryotic chromosomes may occur in regions 
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that cluster of these redundant modular sequences and structural elements are appropriately 
arranged. 
By analogy with prokaryotes and eukaryotic viruses, two key trans-acting factors 
expected to be required for the initiation of eukaryotic DNA replication are a replicative DNA 
helicase and an initiator protein. A replicative DNA helicase is the enzyme that unwinds 
double-stranded DNA to generate transient single-stranded DNA templates for replication 
machinery to synthesize nascent DNA strands. The unwinding reaction catalyzed by the 
replicative helicase, and for all DNA helicases in general, requires the energy released from the 
hydrolysis of NTP or dNTP to disrupt the hydrogen bonds formed between the Watson-Crick 
base pairs in duplex DNA. An initiator protein functions to specifically recognize and bind to 
origin sequences as well as to regulate the initiation of DNA replication. Although replicative 
helicases and initiator proteins have been well studied in prokaryotes and eukaryotic viruses 
(Matson et al., 1994; Matson and Kaiser-Rogers, 1990), to date, only one replicative helicase 
(Budd and Campbell, 1995; Budd et al., 1995), and one initiator protein complex have been 
identified in yeast (Bell and Stillman, 1992; Diffley and Cocker, 1992). 
The following parts of this chapter provide a review of cis-acting replication origins and 
trans-acting replication proteins involved in three replication systems: prokaryotes, eukaryotic 
viruses, and eukaryotic cells. Not all of the elements involved in DNA replication are covered, 
with the focus of structures and functions of replication origins for cis-acting elements, and 
replicative helicases and initiator proteins for trans-acting factors. 
Cis- and trans-acting elements in E. coli DNA replication 
DNA replication of the Escherichia coli chromosome is the best understood one 
(Romberg and Baker, 1992). E. coli DNA replication initiates at a unique fixed site called oriC 
(Figure 1 A). Cloned oriC functions on plasmids with the same cell cycle regulation as the 
DUE 
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Figure 1. Schematic representation of replication origins in E. coli (panel A), SV 40 (panel B) and yeast (panel C). 
All the open boxes represent conserved cis-acting sequences or domains in replication origins in each system. Sequence 
elements depicted by open boxes are described in the text. DUE indicates DNA unwinding elements. In panel A, dnaA 
ifr the initiator protein in E. coli chromosomal DNA replication. In panel B, the T-andgen recognition sites are indicated 
by four continuous arrows. Bent DNA indicates the short AT-rich DNA sequences which has bent DNA structure. EP 
indicated early palindrome. In panel C, ORC represents origin recognition complex which speciflcally binds to ARS 
consensus sequences (ACS). ABFl indicates A-rich strand binding factor 1 which speciflcally binds to the A-rich strand 
in domain B3. 
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chromosomal origin. The minimal oriC sequence is composed of 245 bp and contains all of 
the cis-acting information required for autonomous replication. Four 9 bp sequences and three 
13 bp sequences are evolutionarily conserved in the chromosomal replicadon origins of six 
bacterial species examined. It has been shown that the four 9 bp sequences serve as the 
specific recognition sites by initiator protein, DnaA. The three 13 bp repeat sequences have 
intrinsically low helical stability and has been shown to be a DNA unwinding element (DUE). 
The functional significance of DUE has been proven in vivo (Kowalski and Eddy, 1989). 
Replacement of this DUE region with sequences with high helical stability leads to a reduction 
or complete loss of the origin activity. 
DnaB protein is an essential replicative helicase in E.coli DNA replication (Romberg 
and Baker, 1992). It is a hexamer of identical 52 kDa monomers. Magnesium ions play a 
crucial role in stabilizing the hexameric structure. Both genetic and biochemical studies have 
shown that it is an essential replicative helicase in E. coli chromosomal DNA replication. It is 
responsible for the establishment and propagation of replication forks. 
Once initiation protein DnaA binds to the four 9 bp sequences, the adjacent DUE 
element which corresponds precisely to the repeated 13 bp sequences, is induced to form an 
opened duplex by DnaA protein. This allows replicative helicase DnaB, in association with 
DnaC protein, enter the unwound region to form a prepriming protein complex and then 
generates the replication forks. DnaB protein initiates bidirectional unwinding of duplex DNA 
from the origin of replication, moving in a 5' to 3' direction along the lagging strand template. 
Replicative helicase DnaB is responsible for unwinding DNA ahead of the replication fork. 
Cis- and trans-acting elements in SV40 viral DNA replication 
Eukaryotic DNA viruses are popular model systems for studying DNA replication. 
While most of the viruses are at least partly dependent on host enzymes for their DNA 
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replication they encode parts of their replication machinery themselves. The best characterized 
viral DNA replication is SV40 (Challberg and Kelly, 1989; Matson et al., 1994). Large T 
antigen is a virus-encoded phosphoprotein with a molecular weight of 82kD and is the oidy 
viral protein that needed for SV40 DNA replication. All the other proteins are provided by host 
cells. 
As shown in Figure IB, SV40 DNA replication initiates at a 64 bp cis-acting core 
origin sequence and this sequence has been shown to be both necessary and sufficient to allow 
initiation of viral DNA replication in vitro and in vivo (Borowiec et al., 1990). The core origin 
is composed of three structural domains: 1). an early palindrome (EP) domain containing a 
DUE; 2). a repeated pentanucleotide (5'-GAGGC-3') domain which is the binding site for 
initiator protein; and 3). an 17 bp adenine/thymine-rich (AT) domain containing bent DNA. 
The requirement for specific sequences within and adjacent to each of the three structural 
domains has been established by single base substitution analysis. 
The viral DNA encodes a tumor antigen, T-antigen. T antigen is both an initiator 
protein and a replicative helicase and therefore is needed for the initiation and elongation phases 
of replication. All other components of DNA replication machinery for SV40 DNA replication 
are provided by the host cell. T antigen, in the form of double hexamer, specifically binds to 
the repeated pentanucleotide (5'-GAGGC-3') domain to initiate DNA unwinding from the DUE 
in the EP domain, and to cause the AT-rich domain untwisted but still base paired. Once the 
origin is unwound, the helicase activity of T antigen functions to separate parental DNA strands 
at replication forks with a 3' to 5' translocation direction along the single-stranded DNA to 
which it binds. The binding stmcture of T antigen to the core origin sequences has been 
convincingly shown by scanning transmission electron microscopy (STEM) (Mastrangelo et 
al., 1989) which measures the mass distribution in the protein-DNA complex. T antigen 
assembles as a two-lobed (double hexamer) structure in the presence of ATP, each lobe 
containing a T antigen hexamer, centered at the origin. 
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Cis- and trans-acting elements in yeast chromosomal DNA replication 
Among eukaryotes, origins of DNA replication in the budding yeast, Saccharomyces 
cerevisiae, have been the best characterized Some of the trans-acdng factors that interact with 
these sequences have also been identified. 
In budding yeast, origins (replicators) were initially identified as sequences that allowed 
plasmids to be replicated and maintained extrachromosomally and became known as 
autonomously replicating sequences (ARSs) (Figure IC). Many ARSs have been shown to act 
as replicators both in plasmids and in chromosomes (Campbell, 1993). ARS elements consist 
of only 100-200 bp. Yeast ARS contains two important domains, domain A and domain B. 
Extensive mutational analysis has revealed that yeast ARSs all contain an exact, or a close, 
match to an 11 bp consensus sequence (A/r)TTTA(T/C)(A/G)'nT(A/r), known as the ARSs 
consensus sequences (ACS). This consensus sequences are essential for origin function 
(Marahrens and Stillman, 1992; Van Housen and Newlon, 1990). The ACS is found within 
domain A and this domain is essential but not sufficient for ARSs function. The flanking B 
domain (containing Bl, B2 and B3 elements) has also been shown to contain binding sites for 
trans-acting factors. In addition, DUE has been identified within the A+T-rich 3' flanking 
region adjacent to the ACS. Deletion mutations that stabilize the DNA duplex cause the lose of 
origin activity of ARS. Thus the DUE is indispensable for the origin function of ARS (Huang 
and Kowalski, 1993; Miller and Kowalski, 1993). 
A six subunit origin recognition complex (ORC), has been identified to be an 
eukaryotic initiator protein (Bell and Stillman, 1992; Diffley and Cocker, 1992). ORC 
specifically recognizes the essential ACS in vivo and in vitro and also binds to the B1 element 
(Rao and Stillman, 1995; Rowley et al., 1995). The genes encoding all the subunits have been 
cloned and all are essential for cell viability. Mutations in the 0RC2 gene, which encodes the 
72 kDa subunit of ORC, cause defective chromosomal replication and high loss of plasmids 
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(Bell et al., 1993; Foss et al., 1993; Micklem et al., 1993). The same results were obtained 
with the mutated 0RC5 gene which encodes the 53 kDa subunit of ORC. Two dimensional gel 
electrophoresis analysis has shown that orc2 and ore 5 mutants exhibit a clear reduction in the 
efficiency of initiation from chromosomal origins (Fox et al., 1995; Liang et al., 1995). These 
results show that ORC has an essential role in the initiation of DNA replication. However, 
binding of ORC alone is not sufficient to initiate DNA replication because ORC has been 
found to bind at ARSs throughout cell cycle (Diffley et al., 1994). In addition, the ORC 
homologs have been identified in other organisms including the plant Arabidopsis thaliana 
(Gavin et al., 1995), the nematode worm Caenorhabditis elegans (Gavin et al., 1995), the fruit 
fly DrosopMla melanogaster (Gossen et al., 1995), and the human (Gavin et al., 1995). These 
studies suggest that ORC subunits are conserved and that the role of ORC is a general feature 
of eukaryotic chromosomal DNA replication. 
In contrast to the study of the initiator protein, the study of replicative helicase in yeast 
has just started. Only one DNA helicase, Dna2p, has recentiy been reported as a replicative 
helicase (Budd and Campbell, 1995; Budd et al., 1995). It was identified from a temperature-
sensitive yeast mutant, dna2ts, defective in the elongation stage of DNA replication. This 
helicase is active only for the DNA substrates with a fork-like structure, as is true for of many 
prokaiyotic and eukaryotic viral replicative helicases. Dna2p has a 3' to 5' directionality and 
this is also the polarity of the leading strand at a replication fork. Both the gene for this 
helicase and the ATP-binding domain of this helicase are essential for chromosomal DNA 
replication in vivo. This is the only DNA helicase that has positively proven to be a replicative 
helicase in all eukaryotic cells. However, the mechanism by which this replicative helicase 
functions in DNA replication and more specifically, whether this helicase functions in the initial 
unwinding of the fiilly duplex origin, is not known. 
Although well-defined small origins of replication in yeast chromosome have been 
characterized and several trans-acting factors have been identified, the mechanisms of yeast 
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chromosomal DNA replication are still far from clear. Identification and functional analysis of 
cis- and trans-acting elements involved in other eukaryotic organisms is important to provide 
some insights to the understanding of eukaryotic DNA replication. 
Cis- and trans-acting elements in Tetrahymena rDNA replication 
Our lalxn^ory is studying the mechanisms of eukaryotic DNA replication by focusing 
on the ribosomal RNA gene (rDNA) in Tetrahymena thermophila (Kapler et al., 1996). T. 
thermophila is an advantageous system to study rDNA replication because: 1). Tetrahymena 
allows genetic, molecular, and biochemical approaches to study many biological questions; 2). 
Tetrahymena is a single-celled eukaryotic organism that offers relative simplicity to address 
complicated questions; 3). The macronuclear rDNA of Tetrahymema has a high copy number 
and thus naturally provides a rich source for origin of replication, consequently a rich source 
for trans-acting factors involved in rDNA replication. 
T. thermophila is a single-celled eukaryotic protozoa containing two distinct nuclei, 
macronucleus and micronucleus. The rDNA exists as single-copied form in micronucleus and 
as amplified fomi in macronucleus. The macronuclear rDNA has been amplified to 10,000 
copies and the copy number is maintained in the progression of each cell cycle (Kapler, 1993; 
Kapler et al., 1996; Larson et al., 1991). As shown in Rgure 2, the macronuclear rDNA 
exists as a linear palindrome forai which contains two individual rDNA molecules arrayed 
"head to head", and the entire molecular length is 21 kb. It contains two rRNA transcription 
units, two 5' non-transcribed spacer regions (5'NTS, 1.9 kb each) in the center of the 
palindrome, and two 3' non-transcribed spacer regions (3'NTS) at both ends. 
21 kb rDNA off Tetrahymena 
3' NTS 3'NTS 5'NTS 5'NTS 
ORI 
Domain 1 Domain 2 
C3 
100 bp 
.WH , m flDOBOflBBflflOBHh-—d Xba I Xba I jj, 
rwm 1, 4 
mm 7 
«A 
HHf-
-Hf-
•42 
« —Hf-
iinm 3 
rmm B 
Q-»-A 
Figure 2. Schematic diagram of the 21 kb palindromic rDNA. Arrows indicate rRNA transcription units. 
rRNA coding sequences are shown as solid boxes, transcribed spacers as open boxes, and the intron within 
the 26S gene as a gray box. Hatched lines represent telomeric sequences. The lower line is an enlarged 
diagi^ of the 5'NTS region of the C3 rDNA allele. Putative replication origin(s) are indicated. Shaded 
bars indicate nuclease hypersensitive regions in chromatin. I, II and III refer to Type I, II and III repeated 
sequence elements conserved among several ciliate species. Repeated elements are not drawn to scale. 
The Type I repeat closest to the coding region is required for rRNA transcription in vitro, lype I repeats 
in which mutations that affect rDNA replication/maintenance have been identified are indicat^ by asterisks 
(•). Type ni repeats are binding and cleavage sites for DNA topoisomerase I. 
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The STH'S is the cis-acting region that prooiotes autoncHnous replication of circular 
plasmids and short linear chromosomes in the Tetrahymena tnacronucleus, and muldple copies 
of 5'NTS exhibit replication advantage over those with fewer copies (Pan and Blackburn,1995; 
Romero and Blackburn, 1995; Yu and Blackburn, 1990). Several methods have been used to 
characterize the replication origin of Tetrahymena rDNA, including physical mapping, genetic 
analysis, and macronuclear transformation. All these approaches have identified the cis-acting 
replication origin in the 5'NTS which functions in rDNA replication and/or maintenance. The 
earliest mapping by electron microscopy identified an origin of 650 bp in the 5'NTS with its 5' 
edge 600 bp away from the center of the palindrome (Cech and Brehm, 1981). Recently 
mapping by two-dimensional gel electrophoresis which analyzes rDNA replicative 
intermediates showed that more than 95% of replication initiation events occurred within the 
5'NTS (G.M. Kapler and E.H. Blackburn, unpublished data). Macronuclear transformation 
using partially deleted 5'NTS showed that a larger portion of the 5'NTS region beyond the 
origin by EM analysis is required for replication and/or maintenance of the rDNA in the 
tnacronucleus (M.-C. Yao, unpublished data). 
Genetic approach has been used to identify cis-acting sequences involved in rDNA 
origin function (Kapler and Blackburn, 1994; Kapler et al., 1994; Larson et al., 1986; Yaeger 
et al., 1989)R.C. Gallagher et al., unpublished data). As shown in Figure 2, the 5'NTS 
contains three evolutionarily conserved repeated sequences referred to as Type 1, Type n, and 
Type in repeats. A total of four Type I repeats exist in the 5'NTS, with two of them (la and 
lb) within the EM mapped replication origin region and the other two (Ic and Id) in the 
transcriptional promoter region. Type I repeat has been genetically identified as cis-acting 
replication control element for rDNA replication (Larson et al., 1986; Yaeger et al., 1989). 
There are well documented hierarchy in the replication and/or maintenance of rDNA replication 
in different Tetrahymena alleles. One example is the C3-rDNA outreplicates B-rDNA when 
they both exist in a single heterozygous macronucleus (Pan et al., 1982). The replication 
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disadvantage of B rDNA allele relative to C3 rDNA is the result of a 42 bp deletion that 
removes sequences inunediately downstream fitom the Type lb repeat A total of eight rmm 
(rDNA maturation and maintenance) mutations in the Type I repeat have been obtained and 
characterized (Kapler and Blackburn, 1994; Kapler et al., 1994; Larson et al., 1986; Yaeger et 
al., 1989)(R.C. Gallagher et al., unpublished data). All of these rmm mutations have 
abolished advantage of C3 rDNA replication. Rve of the rmm mutations have been identified 
to bear the mutations either in the Type lb which is within the origin region or in Type Ic and 
Id which are within the promoter region. The effect on replication by the mutations in Type Ic 
and Id in the promoter region indicates a possible long-range interactions between replication 
origin and transcriptional promoter. In conclusion, a DNA replication origin has been located 
in the 5'NTS. But no fixed sequences within the ST^TS have positively been defined to be the 
"minimal" origin. Thus, the functional replication origin of Tetrahymena rDNA may be 
considerably larger than the compact chromosomal origins of yeast. 
Among these cis- acting elements in rDNA replication origin mentioned above. Type I 
repeats are the genetically defined rDNA replication control elements and thus are most likely 
the sites that trans-acting factors controlling DNA replication are located. Using mobility shift 
assay and footprinting analysis, our lab has in fact identified a single-stranded DNA binding 
protein, ssA-TIBF, which specifically binds to the A-rich strand of Type I repeat with high 
affinity (Hou et al., 1995; Umthun et al., 1994). ssA-TIBF has been purified 67,000 fold, and 
shown to be a tetramer with four subunits of 24 kDa polypeptide (Z. Hou et al., unpublished 
data). It has higher binding affinity for the Type I repeat in C3 strain than that in B strain in 
vitro. This differential binding affinities parallel with previously documented differences in the 
replication and/or maintenance of the C3 and B alleles in the macronucleus, i.e., ssA-TEBF has 
a higher binding affinity for the Type 1 repeat in the more highly replicated C3 rDNA than that 
in the less efficiently replicated B rDNA. This conelation between the binding affinity in vitro 
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and the replication hierarchy in vivo could suggest that ssA-TIBF plays a role in the regulation 
of rDNA replication (Hou et al., 1995). 
To further understand the mechanisms of Tetrahymena rDNA replication, several 
potential cis- and trans- acting elements have been discovered in Tetrahymena thermophila and 
are presented in the following chapters of this dissertation. The identification of these novel 
elements will provide more insights for the understanding of the mechanisms of Tetrahymena 
rDNA replication. 
Eukaryotic cellular DNA replicative helicases 
Despite clear precedents in eukaryotic viral system, in which a replicative DNA helicase 
is essential for the initiation of viral DNA replication, only one eukaryotic cellular replicative 
DNA helicase, Dna2p protein, in yeast has been found. The best characterized examples of 
eukaryotic viral replicative DNA helicases essential for DNA replication are SV 40 large T 
antigen (Stahl et al., 1986) and El protein in Bovine papilloma virus (Park et al., 1994). Both 
helicases are also initiation proteins: they specifically recognize and bind to an origin sequence 
of DNA replication in the genome and catalyze bidirectional unwinding from the origin. Since 
they unwind DNA from the origins of replication, a key featiue of T antigen and El protein is 
their ability to unwind fully duplex DNA containing an origin of replication in vitro (Goetz and 
Matsob, 1988; Yang et al., 1993). A key question that has long been asked is: which DNA 
helicase(s) functions in the initiation of eukaryotic cellular DNA replication? 
One example of a probable replicative helicase is DNA helicase B in mouse (Seki et al., 
1995), A temperature-sensitive mutant defective in DNA replication was isolated from the 
mouse mammary carcinoma cell line. In the mutant cells, the DNA-dependent ATPase activity 
of DNA helicase B decreased at the non-permissive temperature and this decrease coincided 
with a decrease of DNA synthesis. DNA fiber autoradiography showed that the DNA chain 
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elongation rate in the mutant cells did not change at the non-permissive temperature, suggesting 
that initiation of DNA replication at an origin is impaired in the mutant cells. These data suggest 
that helicase B may play a role in the initiation of DNA replication. 
Another possible candidate for a replicative helicase is a 100 kDa polypeptide, RIP 100, 
found in Hela cell nuclear extracts (Dailey et al., 1990). It is associated with an ATP-
dependent DNA helicase activity and cofractionated with a protein, RIP60, which binds to 
sequences within the broadly defined origin of the df^ gene. RIP60 is also able to bind 
specifically, albeit weakly, to DNA sequences within the functionally important domain B of 
the yeast origin, ARSl. The cofi^ctionation of an ATP-dependent DNA helicase activity with 
an origin specific DNA binding activity suggests that RIP60 and RIP 100 may be involved in 
initiation of chromosomal DNA synthesis in mammalian cells. 
Dissertation organization 
This dissertation is organized in the alternative format and contains three papers. 
Chapter I is a general introduction and review on the current advances in the studies of the cis-
and trans-acting elements in prokaryotic, eukaryotic viral, and eukaryotic cellular DNA 
replication. Chapter II presents the discovery of several potential cis-acting elements in the 
replication origin region of Tetrahymem rDNA. Chapter HI describes the identification and 
purification of the first DNA helicase in protozoa, Tetrahymem thermophila DNA helicase I. 
Chapter IV describes the biochemical characterization and substrate requirements for T. 
thermophila DNA helicase I. Chapter V is the general conclusion drawn from the research 
described in Chapter II-IV. An appendix presents an assay for the function of T. thermophila 
DNA helicase I. 
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CHAPTER n. MODULAR STRUCTURAL ELEMENTS 
IN THE REPLICATION ORIGIN REGION OF TETRAHYMENA rDNA 
A paper published in Nucleic Acids Research ^  
Chimying Du^, Rita P. Sanzgiri, Wen-Ling Shaiu, Joong-Kook Choi 
Zhen Hou, Robert M. Benbow and Drena L. Dobbs 
ABSTRACT 
Computer analyses of the DNA replicadon origin region in the amplified rRNA genes 
of Tetrahymena thermophila identified a potential initiation zone in the 5'NTS (Dobbs, Shaiu, 
and Benbow, Nucleic Acids Research 22, 2479-2489, 1994). This region consists of a 
putative DNA unwinding element (DUE) aligned with predicted bent DNA segments, nuclear 
matrix or scaffold associated region (MAR/SARs) consensus sequences, and other common 
noodular sequence elements previously shown to be clustered in eukaiyotic chromosomal origin 
regions. In this study, two mung bean nuclease-hypersensitive sites in supercoiled plasmid 
1. Reprinted with permission of Nucleic Acids Research (1995), 23: 1766-1774. 
2. Primary researcher. 
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DNA were lcx:alized within the major DUE-like element predicted by thermodynamic analyses. 
Three restriction fragments of the 5'NTS region predicted to contain bent DNA segments 
exhibited anomolous migration charaaeristic of bent DNA during electrophoresis on 
polyacrylamide gels. Restriction fragments containing the 5'NTS region bound Tetrahymena 
nuclear matrices in an in vitro binding assay, consistent with an association of the replication 
origin region with the nuclear matrix in vivo. The direct demonstration in a protozoan origin 
region of elements previously identified in Drosophila, chick, and mammalian origin regions 
suggests that clusters of nxxlular stmctural elements may be a conserved feature of eukaryotic 
chromosomal origins of replication. 
INTRODUCTION 
Sequence analyses of higher eukaryotic chromosomal origin regions have typically 
failed to identiify simple consensus sequences analogous to those involved in site-specific 
initiation in prokaryotes, the yeast Saccharomyces cerevisiae, and mammalian viruses (for 
reviews, see 1-5). Consequentiy, we and others have proposed that initiation of replication in 
higher eukaryotic chromosomes occurs within initiation zones that are more complex than 
previously envisaged (1, 3,6-8). To gain further insight into the genetic and structural 
determinants for initiation of DNA replication in eukaryotic chromosomes, we devised an 
algorithm to identify putative initiation zones in eukaryotic DNA sequences based on the 
hypothesis that clusters of redundant modular sequence elements may provide origin function 
when arrayed in a ptxjpcr context (9). To begin to characterize elements that may determine the 
localization of initiaticm events in eukaryotic chromosomal origins of replication, we have 
focused on the origin region of the well-characterized rRNA genes (rDNA) in the ciliated 
protozoan, Tetrahymena thermophila. 
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In Tetrahymem, the rDNA exists as a single chromosomal copy in the germline 
micronucleus and as highly amplified, autonomously replicating molecules in the somatic 
macronucleus (reviewed in 10-12). The amplified macronuclear rDNA consists of linear 21 kb 
palindromes in which a central non-transcribed spacer region (NTS) separates two divergendy 
transcribed 35S pre-rRNA coding regions (Figure 1). Physical mapping, genetic analyses and 
functional studies exploiting macronuclear transformation have demonstrated that sequences in 
the S'NTS are involved in regulation of macronuclear rDNA replication (reviewed in 10,13, 
14). During vegetative growth, the macronuclear rDNA is repUcated bidirectionally from an 
origin of replication in the S'NTS. The vegetative origin has been niapped by electron 
microscopy to a region approximately 650 ± 300 bp fipom the center of the palindrome (15). 
Several specific mutations that affect rDNA replication and/or maintenance in the macronucleus 
have been mapped to the 5'NTS (16, 17; W.-L.S. and D.L.D. unpublished data). Moreover, 
DNA fragments encompassing the 5'NTS promote autonomous replication of plasmids in the 
macronucleus (18-20) and plasmids containing multiple copies of the origin region have a 
replication advantage over those with fewer copies (18,20). Transformation experiments using 
partial deletions of the rDNA suggest that the minimal sequences required for rDNA 
replication/maintenance in the macronucleus include a large portion of the S'NTS (M.-C. Yao, 
personal communication). Finally, two dimensional gel electrophoretic analyses are consistent 
with the hypothesis that replication initiation events in vegetative cells occur exclusively within 
the 5'NTS (G. Kapler, personal communication). 
To begin to characterize features of this initiation zone that may contribute to origin 
function, we identified specific DNA sequences and structural elements within the Tetrahymena 
rDNA that were shared with five other mapped eukaryotic chromosomal replication origin 
regions (9). Computer analyses revealed that all six origin regions contain modular sequence 
elements, including predicted DNA unwinding elements (DUEs), bent DNA, nuclear matrix or 
scaffold-associated regions (MARs/SARs), pyrimidine tracts, yeast autonomously replicating 
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sequences (ARSs), and transcriptional regulatray sequences (1,9). DUEs are inherently 
unstable duplex DNA segments associated with origins of replication (21). Mutations that raise 
the helical stability of DUEs reduce or eliminate origin function in E. coli (21), SV40 (22) and 
yeast (23-25). Bent DNA sequences, short DNA segments that display local curvature of the 
double helical axis, are a conserved feature of prokaryotic replication origins (26) and have 
been identified within several eukaryotic origin regions (e.g., 27-31). Stably bent DNA 
structures are usually associated with dA tracts (2-6 bases) that occur with a 10-11 bp 
periodicity (32). MARs and SARs are sites at which looped domains of eukaryotic 
chromosomal DNA are attached to the nuclear matrix or scaffold. Several studies have 
provided evidence for close proximity of origin regions to MARs/SARs (reviewed in 33-35). 
Pyrimidine tracts, which have been shown to be preferred start sites for DNA polymerase-
primase (36,37), ARS consensus sequences (38) and a variety of transcription factor binding 
sites are also found in association with eukaryotic replication origin regions (1,8,27, 39,40). 
The computer analyses ofTetrahymena rDNA identified clusters of modular sequence 
elements in the 5'NTS region of the rDNA, coincident with the previously mapped origin of 
replication, and in the 3'NTS (9). In this study, predicted DUE-like elements, intrinsically bent 
DNA segments, and nuclear matrix-associated DNA Segments in the origin region were 
experimentally verified. The demonstration that these modular structural elements are found in 
the origin region, but are lacking in the coding region of the rDNA, suggests that they may play 
a determinative role in initiation of DNA replication. 
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MATERIALS AND METHODS 
Computer analyses of Tetrahymena rDNA sequences 
The ccwnplete sequence of Tetrahymena rDNA (strain B) from the Genbank/EMBL 
database (accession number X54512; (see 41) was analyzed previously (9). Briefly, putative 
DUEs were identified using the program Oligo 4.0 (National Biosciences, Wolfgang Rychlik, 
1992) which calculates duplex stability based on nearest neighbor dinucleotide free energy 
values (42). A modified version of the program (provided by Dr. Rychlik) was used to transfer 
output to Microsoft Excel for graphic display. The window size for helical stability analyses 
was 100 bp; each plotted data point corresponds to the free energy (AG in kcal/mol) required to 
unwind a helical segment consisting of the 100 bp immediately downstream. DUE-like 
elements predicted using the Oligo 4.0 program were identical to those identified using the 
Thermodyn program provided by Kowalski and colleagues (43). A major DUE-like element 
was defined as at least 200 contiguous nucleotides with an average AG at least IS kcal/mol less 
negative than the mean for the sequence analyzed. A minor DUE-like element was defined as a 
region with an average AG at least 10 kcal/mol less negative than the mean. 
Putative bent DNA segments were identified using ENDS ratio plots generated by the 
GentlBen program provided by Dr. J.N. Anderson (44). The ENDS ratio is a measure of DNA 
bending calculated as the ratio of the contour length of a given axis to the shortest distance 
between its ends (45). A window size of 120 bp and step size of 10 bp were used. 
Consensus sequences were localized using the Genetics Computer Group (GCG) 
Sequence Analysis Software Package (46). The program Findpattems was used to identify the 
following sequence elements: D. melanogaster SAR consensus sequences, AATAAAYAAA, 
TTWTWTTWTr, WADAWAYAWW, TWWTDTWWW (47,48); murine MAR consensus 
sequence AATATTTTT (49): S. cerevisiae ARS consensus sequence, WTTTAYRTTTW (38); 
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and pyrimidine tracts (Y12) (36,37,50). In these sequences, Y = C or T, W = A or T, D = A, 
C or T; and R = A or G. 
Plasmids 
Plasmids containing the replication origin region of macronuclear rDNA from 
T. thermophila were constructed. The 1.9 kb TaqI restriction fragment encompassing the 
entire 5'NTS (see Figure 1) was cloned into the AccI site of pUCl 19 to generate plasmid 
pUC.5'NTS (see Figure 4A). A Hindlll-Kpnl restriction firagment containing the insert was 
subsequently transferred into the plasmid pBluescriptll SK (Stratagene) to generate the plasmid 
pSK.S'NTS (see Figure 5A). Plasmid prD4-l, containing a tandem duplication of the 5'NTS 
region and one complete copy of the rRNA coding region and 3'NTS cloned into pBR322 
(51), was provided by E. Blackburn. Supercoiled plasmid DNAs were prepared by alkaline 
lysis and purified on CsCl-EtBr gradients (52). 
Mapping of mung bean nuclease-hypersensitive sites 
Mung bean nuclease hypersensitivity assays were performed essentially as described 
(21,23). Supercoiled plasmids (4 ^.g) were incubated at 37°C in 32 pJ of 10 mM Tris-HCl, pH 
7.0,1 mM EDTA. Mung bean nuclease (3 units, Boehringer Mannheim) was added and 1 ^.g 
samples were removed at 0,10,20 and 30 min. The cleaved circular DNA samples were 
pooled, purified by phenol-chloroform extraction and ethanol precipitation, digested with 
Hindin, EcoRI, or Seal, and 5' end-labeled with using T4 polynucleotide kinase (52). 
Unincorporated label was removed using G-25 columns and samples were denatured with 
glyoxal before electrophoresis in 1.0 % agarose gels. After electrophoresis, gels were dried 
and exposed to XAR-5 film or phosphor screens for analysis using a Molecular Dynamics 
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Phosphorlmager. The sites of mung bean cleavage were established by determining the 
distance from the labeled end to the nick in a given fragment as previously described (23). 
Eiectrophoretic analysis of bent DNA segments 
To localize stably bent DNA seginent(s) in the 5'NTS of the rDNA, three subfragments 
of the 5'NTS (corresponding to the Taql-Xbal, Xbal-Xbal, and Xbal-TaqI fragments shown 
in Rgure 1) were generated by digestion of plasmid pSK.5'NTS with Xbal (see Figure 5A 
below). The noobilides of the Xbal restriction fragments were compared after electrophoresis in 
1.5% agarose gels at room temperature versus electrophoresis in 5% polyacrylamide gels at 
4''C(53). 
To investigate whether the predicted strongly bent DNA segment located in the 430 bp 
Xbal-Xbal fragment could promote DNA bending in another sequence context, the fragment 
was subcloned from plasmid pUC.5'XX430 into the Xbal site of vector pBend2 (54), kindly 
provided by Dr. S. Adhya. The derivative plasmid, pBend.5'XX430, was sequenced through 
the polylinker and across one Xbal site to determine the orientation of the insert. 
pBend.5'XX430 contains two repeats of a multiple cloning region surrounding the insert, 
allowing generation of restriction fragments of uniform length that contain the predicted bent 
DNA segment at different positions relative to the ends of the fragment (see Figure 6A below). 
After restriction digestion of pBend.5'XX430 with the indicated enzymes, the migration of the 
insert-containing fragments was compared on 1.2% agarose gels at room temperature versus 
6% polyacrylamide gels at 4°C 
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Assay of DNA binding to nuclear matrices 
To identify regions of the rDNA that contain nuclear matrix binding sequences, nuclear 
matrices were prepared from isolated Tetrakymena macronuclei and incubated with rDNA 
restriction fragments in an in vitro binding assay based on that of Cockerill and Garrard (49). 
200 ml cultures of T. thermophila strain C3V cells were grown in 2% PPYS medium (2% 
proteose peptone, 0.2% yeast extract, 0.03% Sequestrene (Ciba-Geigy)) to a density of 2.5 x 
10^ cells/ml at 30®C. Cells were collected by centrifiigation and washed once in 10 mM Tris-
HQ, pH 7.5. Tetrahymena macronuclei were isolated in a sucrose gradient according to the 
procedures of Higashinakagawa et al. (55), and nuclear matrix isolation was performed 
essentially according to Dijkwel et al. (56). Briefly, Tetrahymena ceil pellets were resuspended 
in 0.2 M sucrDse/0.25 mM MgCl2, and lysed with 0.2% NP-40. Macronuclei were pelleted 
onto a 2.1 M sucrose cushion in a Beckman Ti 70.1 rotor at 40,000 x g for 2 h. Macronuclear 
pellets were washed with cell washing buffer (10 mM Tris-HCl, pH 7.4,20 mM KCl, 0.05 
mM spermine, 0.125 mM spermidine, 1% thiodiglycol, 0.5 mM phenylmethylsulfonyl 
fluoride [PMSF]), and resuspended in the same buffer at 100 A260 units/ml. After the addition 
of CuS04 to ImM, 100 pi aliquots were incubated for 20 min at 37°C. 9 ml of lithium 
diiodosalicylate (LIS) extraction buffer (10 mM LIS (Sigma), 100 mM LiOAc, 20 mM Hepes-
NaOH, pH 7.4,0.1% digitonin, 1 mM EDTA) was added slowly and samples were incubated 
for 10 min at room temperature. The histone-depleted macronuclear matrices were pelleted and 
washed four times with matrix washing buffer (cell washing buffer, but with 25 mM Tris-HCl, 
pH 7.4,70 mM NaQ, 0.1% Digitonin) followed by a final wash with restriction digestion 
buffer (10 mM Tris-HCl, pH 7.5,10 mM MgCl2,50mM NaQ, 1 mM DTT). Matrices were 
resuspended in restriction buffer and incubated with 1000 units each of Dral and Haelll 
overnight at 37°C. Reactions were stopped by addition of 10 mM EDTA. 
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Few in vitro binding assays, 50 ng of 32p-iabeled restriction fragments of plasmid 
prD4-l and 6 /ig of sonicated calf thymus DNA were incubated with aliquots of the digested 
nuclear matrices for 3 h at rcx>m temperanire with gentle agitation. An equal volume of ice-cold 
matrix washing buffer was added and the reaction mixtures were centrifiiged at 8000 x g for 10 
min at 4°C. The pellets contained plasmid fragments that remained attached to the nuclear 
matrix. The pellets were washed once with the same buffer and resuspended in 10 mM Tris-
HQ, pH 7.5,1 mM EDTA, 0.1% SDS and digested with 200 mg/ml proteinase K for 4 h at 
50®C. DNA samples were recovered by phenol extraction and ethanol precipitation, and loaded 
on 0.8% agarose gels. Gels was dried, exposed to phosphor screens and analyzed using a 
Molecular Dynamics Phosphorlmager. 
RESULTS 
Common modular sequence elements in Tetrahymena rDNA 
The macronuclear rDNA sequence from Tetrahymena thermophila was analyzed for 
modular sequence elements shared with chromosomal origins of replication in other eukaryotes 
(9). Two large clusters of elements were identified, one in the 5'NTS, in the region containing 
the previously mapped origin of replication (see Figure 1), and another in the 3T^S (Figure 
2). DUE-like elements, regions of intrinsically bent DNA, SAR consensus sequences, 
pyrimidine tracts, and ARS consensus sequences were aligned within these regions. In 
contrast, no predicted DUE-like elements or bent DNA, and relatively few consensus 
sequences were identified in the transcribed region (Figure 2). Three struaural elements that 
may contribute to origin function — putative DUEs, bent DNA, and matrix attachment 
sequences — were identified by the computer analyses. The predicted distributions of these 
structural elements in the 5'NTS and the adjoining 2 kb coding region are shown in Figure 3; 
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in this study, the presence of these eletnents in the rDNA origin region was verified 
experimentally. 
The SWS has an overall AT content of approximately 80% (Figure 3B). Although 
AT-rich regi(ms are often found in association with replication origins and would be expected 
to facilitate unwinding of duplex DNA, the free energy required for DNA unwinding does not 
strictly correlate with AT-richness. Instead, it is dependent on the frequencies of nearest-
neighbor dinucleotide sequences (42). Work of Kowalski and colleagues has shown that the 
propensity for a duplex DNA segment to unwind can be predicted using algorithms that 
calculate the free energy difference between the duplex and single-stranded states for that 
segment, and that easily unwound regions predicted by such thermodynamic analyses can be 
validated by monitoring their hypersensitivity to single-strand-specific nucleases (23,43). 
Previously, we used the Oligo 4.0 program to analyze the helical stability of sequences in the 
rDNA and localize DUE-like elements (Rgure 3C). One predicted major DUE extends from 
position 1 to 1,300 within the S'NTS, encompassing a total of 2,600 base pairs in the center of 
the palindromic rDNA molecule. 
The predicted locations of intrinsically bent regions in the S'NTS are shown in Rgure 
3D. Two of these with ENDS ratios >1.4, and two with ENDS ratios ^1.3 are located within 
the major DUE-like element. Rnally, the distribution of S AR/MAR consensus sequences (33, 
47-49) is shown in Figure 3E. These sequences are much more abundant in the 5'NTS than in 
the adjacent transcribed region; one broad cluster coincides with the DUE-like element, and a 
smaller cluster is located in the promoter region immediately upstream from the transciiption 
start site. 
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Identification of a DUE-like element in the 5'NTS: Mapping of mung bean 
nuclease-iiypersensitive sites 
DNA sequences that promote unwinding of duplex DNA molecules can be detected as 
sites that are hypersensitive to single-strand-specific nucleases in negatively supercoiled 
plasmid DNA (21,23). To corroborate die DUE-like element predicted by thermodynamic 
analysis of the rDNA replication origin region, we mapped mung bean nuclease-hypersensitive 
sites in pUC.S'NTS, a plasmid containing a 1.9 kb Taql-TaqI restriction fragment 
corresponding to the 5'NTS of the rDNA (Figure 4A). Supercoiled pUC.5'NTS DNA was 
incubated with mung bean nuclease and subsequentiy linearized with the indicated restriction 
enzymes. The products were ^^p-iabeled, denatured in glyoxal and separated by agarose gel 
electrophoresis. As shown in Figure 4B, each restriction enzyme digestion produced five 
labeled bands: a 5.1 kb fragment corresponding to unit length DNA (i.e. not cleaved by mung 
bean nuclease) and two pairs of smaller bands that provide a measure of the distance from the 
restriction enzyme sites to the predominant mung bean nuclease cleavage sites (thick arrows in 
Figure 4A). The size of the restriction fragments in each band was estimated from the migration 
position of the center of each band. It should be emphasized the bands are broad, suggesting 
that each band corresponds to a population of fragments of similar size that presumably result 
from nicking within ~100 bp regions by mung bean nuclease. The pairs of bands, 1.1 and 4.0 
kb from the EcoRI digest, 2.5 and 2.6 kb from the Seal digest, and 0.9 and 4.2 kb from the 
Hindm digest, taken together, unambiguously assign one nuclease hypersensitive site to the 
5'NTS at a location 0.9 kb downstream from the Hindin site (Figure 4A, right arrow). 
Similarly, the remaining pairs of bands, 1.6 and 3.5 kb from EcoRI, 2.1 and 3.0 from Seal, 
and 0.4 and 4.7 kb from HindlQ, map another nuclease-hypersensitive site to the 5'NTS at a 
location 0.4 kb downstream from the Hindin site (Figure 4A, left arrow). No other major 
nuclease hypersensitive sites were observed, either in rDNA or vector sequences. 
34 
Localization of intrinsically bent DNA segments in the rDNA origin region 
Sequence-directed DNA curvature (bent DNA segments) can be localized by comparing 
the electrophOTetic mobilities of DNA fragments in agarose versus polyacrylamide gels (53). In 
polyaciylamide gels, frxtgments containing bent DNA segments migrate with higher apparent 
molecular weights than expected; these anomalous migrations are not observed in agarose gels 
where each fragment migrates as predicted from its molecular weight Restriction fragments 
encompassing the entire SOTS oiTetrahymena rDNA have previously been shown to exhibit 
anomalous migration in polyacrylamide gels, suggesting one or more bent DNA segments in 
the (57,58). In contrast, various restriction fragments of the rDNA coding region do 
not exhibit anomalous migration in polyacrylamide gels (data not shown). 
The rDNA replication origin region was surveyed for stably bent DNA by examining 
the electrophoretic behavior of restriction fragments of the S'NTS on 5% polyacrylamide gels 
(Figure 5A). Cleavage of the plasmid pSK.5'NTS with Xbal is expected to generate one large 
vector DNA fragment (2.9 kb) and three fragments of 0.67 kb, 0.43 kb, and 0.82 kb, 
corresponding to the Taql-Xbal, Xbal-Xbal, and Xbal-TaqI segments of the S'NTS (Figure 
1). As shown in Figure 5A, a band migrating at 2.9 kb was observed for the vector DNA 
(fragment A), but all three remaining bands—B, C and D—migrated anomolously, with 
apparent molecular weights of 2.3,1.9 and 0.5 kb, respectively. To assign these bands to the 
appropriate fragments of the 5'NTS, each band was excised from the polyacrylamide gel and 
re-analyzed by electrophoresis in a 1.5% agarose gel (Figure 5B), along with a control sample 
of the Xbal-digested plasmid. In the agarose gel, each of the three bands migrated as expected 
(B = 0.8 kb; C = 0.7 kb; D = 0.4 kb). These results indicate that all three restriction fragments 
of the 5'NTS contain segments of bent DNA, in agreement with computer predictions based on 
ENDS ratio calculations (Figure 3D). 
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The central Xbal-Xbal firagment, which coincides with the origin mapped by electron 
microscopy, contains several segments with high ENDS ratios, yet exhibited only a slight 
migration anomaly in the polyacrylamide gel shown in Hgure 5A. Therefore, we analyzed this 
region in more detail by testing whether it could promote DNA bending in another sequence 
context The Xbal-Xbal fragment was subcloned into plasmid pBend2, which contains a set of 
circularly-permuted cloning sites (54). Digestion of the derivative plasmid, pBend.5'XX with 
six different restriction enzymes generated a set of fragments of uniform length, but containing 
the predicted bent DNA segments at different positions relative to the fragment ends 
(Figure 6A). Fragments containing more centrally located bent segments are more retarded in 
polyacrylamide gels than those with bent segments near their ends (54). As shown in Figure 
6B, all fragments migrated to the same position on a 1.2% agarose gel (right panel); in 
contrast, they formed a ladder of anomalously migrating bands on a 6% polyacrylamide gel 
Oeft panel), confoming that the Xbal-Xbal fragment contains bent DNA. The fragment 
generated by BamHI digestion Gane 1) exhibited the greatest retardation, indicating that the 
bent segment predicted by the ENDS ratio of 1.3 (Figure 6A, solid diamond) has less effect on 
the migration of the fragment in polyacrylamide gels than the two closely-spaced bent DNA 
segments with lower ENDS ratios of ~ 1.2 (Figure 6A, open diamonds). 
Identification of a nuclear matrix-binding region within the 5'NTS 
To test whether the 5'NTS and 3'NTS regions of the rDNA contain sequences that bind 
nuclear matrices (MARs), we carried out in vitro binding assays as described by Cockerill and 
Garrard (49). Mixtures of ^^P-labeled rDNA restriction fragments were incubated with 
Tetrahymena nuclear matrices in the presence of unlabeled nonspecific competitor DNA (see 
Materials and Methods). After centrifugation and washing, mattix-associated fragments were 
purified, separated by electrophoresis, and visualized by autoradiography. By definition. 
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specific firagments preferentially retained by nuclear matrices after compedtion contain an "in 
vitro MAR" (49). In the experiment shown in Figure 7, plasmid prD4-l, which contains a 
tandem duplication of the S'NTS and a single copy of the rRNA coding and 3'NTS regions 
(51), was digested with different combinations of restriction enzymes. Digestion with Hindm 
yielded a 4.4 kb fragment that contains both copies of the 5'NTS and associated strongly with 
the isolated nuclear matrices (Figure 7B, band a). The coding region and S'NTS were cleaved 
into several fragments. The coding region fragments (bands c, d, e, and h) did not associate 
with the nuclear matrices whereas one of the 3'NTS fragments (band f) was weakly associated 
(Figure 7B). In the experiment shown in Figure 7C, prD4-l was multiply digested with Nhel, 
BamHI, EcoRI and Xhol, giving rise to a 4.4 kb fragment containing approximately 70% of 
the rRNA coding region, a 3.6 kb fragment containing the 3'NTS, and 1.9 and 2.3 kb 
fragments derived from the duplicated S'NTS. Both S'NTS fragments (bands c' and d') bound 
isolated nuclear matrices, but the coding region fragments did not (e.g., band a'). The 3'NTS 
fragment (band b') also associated with nuclear matrices, but to a lesser extent than the S'NTS 
fragments. 
DISCUSSION 
Both physical mapping and functional studies have localized an origin of DNA 
replication within the S' non-transcribed spacer region of the palindromic macronuclear rDNA 
ofTetrahymena thermophila (see Introduction). We have begun to characterize modular 
structural elements within the origin region that could influence the localization of initiation 
events. Computer analyses of the rDNA sequence had shown that the origin region contains a 
large putative DUE-like element, coincident with predicted bent DNA segments, and clusters of 
MAR/SAR consensus sequences (9). In this study, these three prediaed structural features 
were verified experimentally. Although functional roles for DUE-like elements, bent DNA and 
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matrix-associated sequences in rDNA replication have not been directly demonstrated, the 
association of these structural elements with other eukaryotic replication origin regions is in 
acccvdance with the hypothesis that they may contribute to origin function in vivo (1,9). 
A region of helical instability coincides with the rDNA replication origin 
region 
DNA unwinding in replication origin regions is a prerequisite for initiation of DNA 
synthesis. DUEs are associated with origins of replication in E. coli, S V40 and S. cerevisiae, 
and are thought to contribute to origin function by facilitiating the initial unwinding events (21-
25). In yeast replication origins, DUEs are found in the 3' flanking region adjacent to the ARS 
consensus sequence (59) and have been shown to be genetic determinants of origin activity. 
Mutations in DUEs that stabilize the DNA helix diminish or eliminate ARS function on 
plasmids (24,43) and deletions in the DUE associated with the ORI305 on chromosome III 
can abolish its activity (25). Dissimilar DNA sequences can be substituted for wild-type 
sequences in DUEs, provided that they are also are easily unwound. These results support the 
idea that specific structural elements, in addition to speciHc sequences such as the ARS 
consensus sequence, may be essential components of eukaryotic chromosomal origins (25). 
Thermodynamic analyses of the Tetrahymena rDNA sequence identified an usually 
broad region of intrinsic helical instability element in the 5^8. It spans the palindromic 
center of the rDNA molecule, encompassing a 2600 bp region with an overall mean AG for 
unwinding of 168 kcal/mol, compared to a mean of 184 kcal/mol for the entire rDNA sequence 
(9). This is the most extensive region of helical instability identified in a survey of eukaryotic 
DNA sequences that included rRNA genes and NTS regions fix)m yeast, human, and Xenopus 
(D.L.D. and R.M.B., unpublished observations). The significance of this finding is not yet 
clear, but it cannot be explained simply on the basis of the AT-richness of the Tetrahymena 
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SOTS, since no similarly broad predicted DUEs were identified in examination of >10 
randomized versions of the sequence, in which the A+T content was identical to that of the 
native sequence (D.LX). and unpublished observations). In this study, we 
demonstrated that two sites within the major predicted DUE in the rDNA origin region are 
hypersensitive to mung bean nuclease in supercoiled plasmid DNA. Each site corresponds to a 
small region of perhaps 100 bp within the 5T^S that is preferentially nicked. Functional 
assays will be required to determine whether the two sites correspond to two independent 
DUEs or whether they represent two sites of preferred nicking within a much larger DUE-Iike 
element predicted by the thermodynamic analyses. In the rDNA repeats of yeast, an easily 
unwound region is required for replication origin function and exhibits hypersensitivity to 
mung bean nuclease nicking throughout a 100 bp region (24). This region contains a 
genetically-defined DUE that was predicted by thermodynamic analyses. The strong correlation 
between helical instability and replication efficiency of mutated ribosomal ARS derivatives in 
yeast (24) suggests that the easily unwound region in the 5'NTS of Tetrahymena rDNA may 
play a similar role in origin function. 
A region containing several bent DNA segments coincides with the rDNA 
replication origin region 
Bent DNA sequences are associated with origins of replication in both prokaryotic and 
eukaryotic genomes, e.g., bacteriophage X (60), SV40 (61, 62), yeast (29, 30), tiie DHFR 
gene of CHO cells (27), the human c-myc gene (63), and pea rDNA (31). The role of bent 
DNA in replication is unclear. In yeast, a bent DNA element has been reported to enhance 
ARS 1 function on plasmids (30), although it is not essential for function (64). It has been 
suggested that bent DNA functions as a structural landmark for replication or transcription 
proteins (30, 65) or that it fosters the interaction of proteins bound at distal sites (66). 
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Each of three non-overlapping restriction fragments derived fix)m the Tetrahymena 
rDNA origin region exhibited anomalous migration in polyacrylamide gels characteristic of bent 
DNA, as predicted by computer analyses. Unexpectedly, however, in one case the segment 
which appeared to contribute most to bending did not exhibit the highest ENDS ratio (see 
Hgure 6). It remains to be determined whether the bent segments characterized in this study 
play any direct OT indirect role in rDNA origin function, e.g., by facilitating initiator protein 
interactions, or by facilitating the association of the origin region with the nuclear matrix (67). 
Association of the rDNA replication origin region with the nuclear matrix 
Origins of chromosomal replication have long been proposed to be associated with the 
nuclear matrix (reviewed in 33-35). Newly synthesized DNA is preferentially associated with 
the nuclear matrix (68,69) and it is possible to enrich for replicative intermediates in DNA 
samples by isolation of the nuclear matrix (70). Specific DNA sequences implicated in the 
attachment of chromatin to the nuclear matrix have been named matrix or scaffold attachment 
regions (MARs or S ARs). MARs are very AT-rich sequences, -0.3 to 1 kb in length, that are 
preferentially bound and cleaved by DNA topoisomerase II (33-35). No definitive consensus 
sequence for MARs has been identified, but several relatively short AT-rich consensus 
sequences shared by some MARs/SARs have been reported (e.g., 47-49). MARs share several 
other sequence characteristics, such as (dA) and (dT) tracts, ATATAT boxes, bent DNA 
segments, a narrow minor groove, and inherent helical instability under superhelical stress (71-
73, and references therein). 
In this study, a MAR was identified in the rDNA origin region on the basis of its ability 
to bind Tetrahymena nuclear matrices in vitro. The presence of clusters of MAR/SAR 
consensus sequences, bent DNA and easily unwound regions in both the 5'NTS and 3'NTS 
suggested that both might contain matrix binding regions. Matrix binding was exhibited by 
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fragments containing the S'NTS, either as a single copy or as a tandem duplication, and, to a 
lesser extent, by fragments derived from the S'NTS, but not by fragments derived from the 
rRNA coding region. It should be noted, however, that the presence (or absence) of 
MAR/SAR consensus sequences or bent DNA does not reliably predict matrix attachment; e.g., 
a restriction fragment from the initiation region of the chick histone HI gene that strongly 
associates with the nuclear matrix lacks SAR and MAR consensus sequences (9), and DNA 
bending is not essential for matrix binding (74,75). The results of the in vitro binding studies 
reported here are in agreement with the finding that restriction fragments from the rDNA origin 
region are more abundant in matrix-associated DNA than in loop domain DNA directly isolated 
from Tetrahymena macronuclei (76). Since origin regions ofTetrahymena rDNA, Drosophila 
rDNA (77) and several other eukaryotic genes (78-80) contain nuclear matrix binding regions, 
it seems reasonable that matrix attachment may be an important component of origin structure. 
The rDNA origin region in Tetrahymena is large and complex 
Taken together, the analyses and experimental data in this and previous studies 
(reviewed in 14) lend credence to the view that the functional rDNA origin region in 
Tetrahymena is larger than replication origins of prokaryotes, eukaryotic viruses and yeast, and 
contains redundant functional elements. Published electron micrographs (15) and our own 
unpublished observations have shown only large replication bubbles. The easily unwound 
region in the S'NTS spans more than 2.5 kb of the palindromic rDNA and encompasses 
multiple segments of intrinsically bent DNA and clusters of MAR/SAR consensus sequences, 
and ARS ccHisensus sequences. In addition, four copies of a genetically-defined replication 
control element, the Type I repeat (16), are located within the 5'NTS. Interestingly, one copy 
of the Type I repeat is also a required component of the rRNA gene promoter (81; R. 
Pearlman, personal communication), suggesting that transcriptional control sequences may 
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play a role in Tetrahymena origin function as they do in eukaryotic viruses and yeast (reviewed 
in 82-84). The identification of rmm (iDNA maniration or maintenance) mutations in two 
c(^ies of the Type I repeat separated by more than 600 bp argues that cis-acting control 
sequences for rDNA replication encompass a rather large region (16, 17; W.-L.S. and D.LJ)., 
unpublished data). All of these findings are consistent with the results of recent deletion studies 
which suggest that a large portion of the S'NTS region is required for replication and/or 
maintenance of the rDNA in the macronucleus (M.-C. Yao, personal communication). Since 
predicted DUE-like elements, regions of bent DNA and MARs arc aligned in origin regions 
from diverse eukaryotes (1,8,9,27), the properties of the Tetrahymena origin region 
determined in this study may be representative of eukaryotic origins in general. 
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FIGURE LEGENDS 
Figure 1. Structure of Tetrahymena macronuclear rRNA genes. 
Schematic diagram of the 21 kb palindromic rDNA. Arrows indicate rRNA 
transcription units. rRNA coding sequences are shown as solid boxes, transcribed spacers as 
open boxes, and the intron within the 26S gene as a gray box. Hatched lines represent 
telomeric sequences. The lower line is an enlarged diagram of the 5'NTS region of the C3 
rDNA allele (16). Putative replication origin(s) are indicated (15, 85). Shaded bars indicate 
nuclease hypersensitive regions in chromatin (86). I, II and HI refer to Type I, n and III 
repeated sequence elements conserved among several ciliate species (87, 88). Repeated 
elements are not drawn to scale. The Type I repeat closest to the coding region is required for 
rRNA transcription in vitro (81; R. Pearlman, personal communication). Type I repeats in 
which mutations that affect rDNA replication/maintenance have been identified are indicated by 
asterisks (*)(16,17; W.-L.S. and D.L.D., unpublished data). Type III repeats are binding and 
cleavage sites for DNA topoisomerase I (89). 
Figure 2. Arrangement of common modular structural elements in 
Tetrahymena rDNA. 
Schematic diagram of the location of common modular sequence elements in 
Tetrahymena rDNA identified by computer analyses (9). One half of the palindromic rDNA is 
shown. Nucleotide position 1 corresponds to the center of the palindrome and the beginning of 
the 5T^S. The transcribed region is indicated by the thin box extending from position 1887 to 
8522; rRNA coding sequences are shown as solid boxes, transcribed spacers as open boxes, 
and the intron within the 26S gene as a cross-hatched region. Sequence and structural elements 
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depicted by symbols are described in the text Major and minor DUE-like elements were 
delimited as described in Materials and Methods. Predicted bent DNA segments with ENDS 
ratios ^1.2 are indicated by solid diamonds; two additiraal bent segments with ENDS ratios 
>1.19 are indicated by open diamonds (see text). Perfect matches to SAR consensus 
sequences, uninterrupted tracts of > 12 pyrimidines and 10/11 or 11/11 matches to the ARS 
cote consensus sequence are indicated. 
Figure 3. Predicted regions of helical instability, intrinsic DNA bending and 
nuclear matrix attachment in the rDNA origin region. 
(A) Diagram of the 57^8 region of macronuclear rDNA and a portion of the adjacent 
transcribed region. The dashed line at the left end of the 4 kb segment shown corresponds to 
the center of the 21 kb palindromic rDNA. The S'NTS is shown as a thin line and the 
transcribed region as a solid box. 
(B) A + T content of the sequence depicted in (A). Each point represents % A+T of a 120 
bp segment as a function of its position in the rDNA sequence. 
(C) Predicted regions of helical instability. Helical stability of duplex DNA segments was 
calculated and graphed as a function of position (9; see Materials and Mediods). Each point 
represents the free energy (AG in kcal/mol) required to unwind a 1(X) bp window of duplex 
DNA. The bold line indicates the average AG value for the complete 21 kb rDNA sequence. 
Valleys represent inherendy unstable duplex DNA segments. 
(D) Predicted regions of intrinsic DNA bending. ENDS ratios were determined using a 120 
bp window and graphed as a function of position (9; see Materials and Methods). The peaks 
represent regions predicted to display most pronounced DNA bending. 
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(E) Predicted sites of nuclear noatrix attachment Perfea matches to SAR and MAR 
consensus sequences (9; see Materials and Methods) are indicated. Many additional imperfect 
matches also present in the region are not shown. 
Figure 4. Identiflcation of mung bean nuclease-hypersensitive sites in the 
rDNA origin region. 
(A) Map of the S'NTS plasmid pUCST^JTS showing the locations of mung bean nuclease-
hypersensitive sites and pertinent restriction enzyme sites. The S'NTS region (nucleotides 62 to 
1971) of the palindromic rDNA sequence is represented by an open box, the pUCl 19 cloning 
vector is shown as a thin line with polylinker sequences represented by filled boxes. The 
arrows on the outer circumference indicate the nuclease-hypersensitive sites mapped in (B). 
Hindm and EcoRI sites in the polylinker and the Seal site in the cloning vector are indicated on 
the outer circumference. TaqI and Xbal sites in the S'NTS are indicated on the inner 
circumference. 
(B ) Mapping the mung bean nuclease-hypersensitive sites in the S'NTS plasmid. 
Supercoiled plasmid DNA was nicked with mung bean nuclease, linearized with the indicated 
restriction enzyme, ^^p-iabeled and denatured prior to agarose gel electrophoresis as described 
in Materials and Methods. MBN +, treated with mung bean nuclease; MBN untreated 
control. Sizes of single-stranded DNA markers are indicated. 
Figure 5. Identification of bent DNA segments in rDNA origin region. 
(A) Map of the S'NTS plasmid pSK.S'NTS showing the locations of pertinent restriction 
enzyme sites. The S'NTS region (nucleotides 62 to 1971) of the palindromic rDNA sequence is 
represented by an open box, the pBluescriptll SK cloning vector is shown as a thin line with 
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poiylinker sequences represented by filled boxes. Two Xbal sites in the polylinkers are 
indicated on the outer circumference (see Materials and Methods). TaqI and Xbal sites in the 
S'NTS are indicated on the inner circumference. Letters indicate the identities of the fragments 
determined in (C). 
(B) pSK.S'NTS DNA was digested with Xbal and subjected to electrophoresis in a 5% 
polyactylamide gel. Lane M shows molecular weight markers. 
(C) Bands isolated from the polyacrylamide gel in (B) were re-analyzed by electrophoresis 
in a 1.5% agarose gel. The letter above each gel lane in the agarose gel indicates the fragment 
excised from the polyacrylamide gel. pSK.5'NTS DNA was digested with Xbal and loaded 
directly on the agarose gel for comparison. Lane M shows molecular weight markers. 
Figure 6. Electrophoretic analysis of bent DNA in the rDNA origin region. 
(A) Schematic diagram of the Xbal-Xbal fragment cloned into a circularly-permuted 
poiylinker region in pBend.5'XX430. The box represents the 430 bp Xbal-Xbal fragment 
from the rDNA origin region cloned into a unique Xbal site in a pBend2 vector (see Materials 
and Methods). The positions of the predicted bent segments are indicated by diamonds (solid 
diamond indicates ENDS ratio >1.3; open diamonds indicate ENDS ratios >1.19). The thin 
line represents the 121 bp poiylinker region of the vector, with the positions of relevant 
restriction sites indicated. (For clarity, the poiylinker has been drawn on a 2-fold expanded 
scale.) EHagrams below represent the 550 bp DNA fragments generated by digestion of 
pBend.5'XX 430 with BamHI (B), Nrul (N), PvuH (P), Xhol (X), Clal (C), and Mlul (M). 
(B & C) Migration of restriction fragments of pBend5*XX430 in polyacrylamide versus 
agarose gels. pBend.5'XX430 DNA was digested with the restriction enzymes indicated in (A) 
and the digestion products were fractionated on a 6% polyacrylamide gel (B) or 1.2% agarose 
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gel (Q. Lane 1 (BamHI); Lane 2 (Nrul); Lane 3 (PvuII); Lane 4 (Xhol); Lane 5 (Clal); Lane 6 
(Mlul); Lane M, molecular weight markers, with sizes indicated. 
Figure 7. Identification of nuclear matriX'binding sequences in the rDNA 
origin region. 
(A) Diagram of the rDNA-containing plasmid prD4-l showing relevant restriction enzyme 
sites. The open boxes represent the S'NTS region (which has been duplicated in this construct) 
and the S'NTS region; the solid box represents the rRNA coding region. Vertical lines indicate 
the positions of restriction enzyme sites for Hindm (upper) and a combination of Nhel, Xhol, 
EcoRI and BamHI (lower). The expected restriction fragments are indicated by lower case 
letters in descending order of size for each digestion. 
(B & C) Identification of matrix-associated restriction fragments of prD4-l in an in vitro 
binding assay. Nuclear matrices prepared &om Tetrahymem cells (see Materials and Methods) 
were incubated with 32p-iabeled input DNA fragments derived from prD4-l. DNA fragments 
that bound to isolated matrices were compared with input DNA fragments on 0.8% agarose 
gels. Input DNA fragments (I) were prepared from restriction enzyme digestion with Hindlll 
alone (Panel B) or with a combination of Nhel, Xhol, EcoW, and BamHI (Panel C). M 
indicates the lanes containing matrix bound restriction fragments. Deduced restriction fragment 
sizes are indicated on the left. Letters on the right indicate corresponding fragments in the 
diagrams in (A) above. 
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CHAPTER m. roENTIFICATION OF 
TETRAHYMENA THERMOPHILA DNA HELICASE I 
A paper prepared for submission to Biochemistry 
Chunying Du', Zhen Hou^ and Drena L. Dobbs 
ABSTRACT 
A novel DNA helicase, Tetrahymena thermophila DNA helicase I, has been identified 
and partially purified. T. thermophila DNA helicase I requires ATP for its DNA unwinding 
activity and exhibits an intrinsic DNA-dependent ATPase activity. Mg^"^ is required for both 
DNA unwinding and the associated ATPase activity. DNA unwinding activity is greatly 
stimulated by 150-200 mM NaQ, whereas the associated ATPase activity is constant within a 
broad range of0-200 mM NaQ. The ATP-binding activity resides on a 70 kDa polypeptide as 
indicated by UV-cross-linking. T. thermophila DNA helicase I co-fractionates through three 
chromatography steps with a DNA binding protein, ssA-TIBF, which specifically recognizes 
and binds to a replication control element within the rDNA origin of replication. 
1. Primary researcher. 
2. Graduate student who provided the material for the initial identification of this helicase. 
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INTRODUCTION 
Successful unwinding of double-stranded DNA to provide single-stranded DNA 
templates is a prerequisite for DNA replication, repair, and recombinadon. DNA helicase 
catalyzes such a DNA unwinding reaction wth the consumption of the energy released from 
the hydrolysis of NTP or dNTP. Numerous DNA helicases have been identified in both 
prokaryotic, eukaryotic viruses, and eukaryotic cells (Borowiec, 1996; Lohman, 1993; Matson 
et al., 1994; Matson and Kaiser-Rogers, 1990; Thommes and Hubscher, 1990; Thommes and 
Hubscher, 1992). Among these DNA helicases found in eukaryotic cells, the knowledge of 
their function is limited. Tetrahymena thermophila, a single-celled eukaryotic organism, has 
been an ideal system for the studies of biological questions related to DNA metabolism. 
However, no DNA helicase has been identified in Tetrahymena or in protozoa so far. Studies 
of the functions of DNA helicases in Tetrahymena will provide some insights for the 
understanding of DNA metabolism. 
ssA-TIBF, a protein that specifically recognizes and binds to the DNA replication 
control elements. Type I repeats, in the replication origin region of Tetrahymena rDNA, has 
been identified and characterized in our laboratory (Hou et al., 1995; Umthun et al., 1994). In 
the most purified ssA-TIBF fraction, we have identified an ATP-dependent DNA unwinding 
activity with an intrinsic DNA-dependent ATPase activity. We have designated this activity as 
Tetrahymena thermophila DNA helicase I. Here we present the identification, purification, and 
partial characterization of T. thermophila DNA helicase I. 
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EXPERIMENTAL PROCEDURES 
Enzymes and Protease Inhibitors 
Bacteriophage T4 polynucleotide kinase was purchased from New England Biolabs, 
Inc. Trypsin and Proteinase K were from Sigma. Protease inhibitors (Pefabloc SC. Pepstatin, 
and Leupeptin) were from Boehringer Mannheim Biochemicals. 
Chemicals 
Nuclease-free bovine serum albumin (BSA) (DNase, RNase, and protease free) and 
Dithiothreitol (DTT) were purchased fiwm Boehringer Mannheim Biochemicals. 4',6'-
diamidino-2-phenylindole (DAPI) was from Molecular Probes. Silver staining plus kit and 
Bradford Reagent were from BioRad. ATP (specific activity > 7(X)0 Ci/mmol) and [a-
^P]ATP (specific activity ^ 400 Ci/mmol) were from ICN. All other chemicals were from 
Sigma. 
Chromatography Materials 
G-50 Sephadex Quick Spin (TE) Column was purchased from Boehringer Mannheim 
Biochemicals. Bio-Gel A-5m, hydroxyapatite were from BioRad. Streptavidin-conjugated 
agarose was from GIBCO BRL. Centricon-lO was from Amicon. Polyethyleneimin (PHI) 
cellulose plate and double-stranded DNA-cellulose were frtnn Sigma. 
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Oligonucleotides, Nucleic acids, and Nucleotides 
47-nt oligonucleotide, 5'-(T)i5GTnTCCCAGTG\CGAC(T)i5-3, and biotinylated 
A37-mer oligonucleotide were synthesized by the Midland Certified Reagent Company. 
M13mpl9 ssDNA was prepared according to standard protocols. Native calf thymus DNA 
(type I) was purchased from Sigma and denatured calf diymus DNA was made by boiling the 
native calf thymus DNA (Img/ml) for ten minutes following by rapid cooling in ice. All 
nucleotides were ultrapure from Pharmacia Biotech. 
Buffers 
Buffer A: 10 mM Tris-Cl, pH 8.0,1 mM MgCli, and 10% (v/v) glycerol, (TMG). 
Buffer B: 10 mM Tris-Cl, pH 8.0, 1 mM EDTA, and 10% (v/v) Glycerol, (TioEiGio). Buffer 
C: ImM KxP04,10% (v/v) Glycerol. Buffer D: 10 mM Tris-Cl, pH 8.0,2 mM MgClj, 1 mM 
EDTA, and 10% (v/v) Glycerol. Buffer E: 6 mM Tris-Cl, pH 8.0,7 mM MgCla, 50 mM 
NaCl, 1 mM DTT. Buffer F: 10 mM Tris-Cl, pH 7.5,100 mM NaCl, and 0.5 mM EDTA. 
Construction of DNA Helicase Substrate 
Helicase substrates were prepared essentially as described by Zhang and Grosse 
(Zhang and Grosse, 1991). The 47-nt oligonucleotide, 5'-
(T)i5GTTTTCCCAGTCACGAC(T)i5-3', is complementary to ssM13mpl9 (+) strand. 20 
pmol of the 47-nt oligonucleodde was labeled at its 5' end with 50 pmol of [Y-^^PJ-ATP (7000 
Ci/mmol) by 20 units of T4 polynucleotide kinase at 37 °C for 1 hour. The unreacted [y-'^P]-
ATP was removed by centrifugation of the reaction mixture through a Sephadex G-50 quick 
spin column. The labeled oligonucleotides were annealed with 10 pmol of M13mpl9 ssDNA 
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in buffer E. The annealing mixture was boiled for 5 minutes and then incubated sequentially at 
65 "C for 25 minutes, 37 "C for 25 minutes, and room temperature for 5 minutes. The annealed 
helicase substrate was separated from the unannealed oligonucleotides by chromatography on a 
8-ml Bio-Gel A-5m column equilibrated with buffer F. The annealed substrate was eluted with 
buffer F and was pooled and quantified by spectrometric absorption at 280 nm. The 
concentration of helicase substrate was 30 fmol/pl. Two microliter of helicase substrate was 
used in each helicase assay. 
Helicase Assay 
The DNA helicase assay (1514.1) contained 50 mM Tris-HCl (pH 7.5 at room 
temperature), 4 mM ATP, 2 mM MgCl2,200 mM NaCl, 5 mM dithiothreitol (DTT), 1(X) 
pg/p-l bovine serum albumin, 5% glycerol, 2 pi of DNA helicase substrates (30 ftnol/pl) and 5 
of helicase fraction. The reaction was performed at 37 °C for 30 minutes followed by the 
addition of stop solution of 2% sodium dodecyl sulfate (SDS), 5% glycerol, 0.01% 
bromophenol blue solution, and 0.01% xylene cyanol FF. Reaction mixture was loaded on 
12% native polyaciylamide gel and subjected to electrophoresis in 54 mM Tris-Borate and 1.2 
mM EDTA, pH 8.15. After electrophoresis, the gel was dried and then exposed to a Phosphor 
screen for analysis by Molecular Dynamics Phosphorlmager. One unit of helicase activity is 
defined as the amount of enzyme that unwinds 50% of the substrate at 37 °C in 30 minutes 
under the given conditions. 
DNA-Dependent ATPase Assay 
Assay solutions (10 pi) contained 50 mM Tris-HQ (pH 7.5 at room temperature), 4 
mM [y-^^P]ATP, 2 mM MgCl2 200 mM NaCl, 5 mM DTT, 100 pg/pl heat-denatured calf 
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thymus DNA, ICX) bovine serum albumin, and 5% glycerol. After incubation at 37 °C 
for 30 minutes, a two microliter aliquot of the reacticm mixture was spotted on a 
polyethyleneimin (PEI) cellulose plate, and an ascending chromatography was performed in a 
solution of 0.5 M LiCl and 1 M of formic acid. The products were analyzed by 
Phosphcn-Imager. One unit of ATPase activity was defined as the amount of enzyme that 
hydrolyzes 1 nnaol of ATP into ADP plus Pi in 30 minutes at 37 °C under the given conditions. 
Gel Mobility Shift Assay 
Gel mobility shift assays were carried out essentially as described (Umthun et al., 
1994). Typically, 0.1 ng of ^^P-labeled oligonucleotide containing the A-rich strand 
sequences of Type I repeat was incubated with 2-5 ^il of chromatography fraction for 15 
minutes on ice. Standard reaction mixtures contained 20 mM HEPES (pH 7.9), 200 mM 
NaCl, 1 mM DTT, 0.1 mM Pefabloc SC, 2 ^.g/ml leupeptin, 1 ^g/ml pepstatin, and 10% 
glycerol (v/v) in a total volume of 10 pJ. Samples were subjected to electrophoresis in 5% 
polyacrylamide gels in 0.6 X Tris-borate-EDTA buffer for 60 minutes at 20 V/cm at room 
temperature. After electrophoresis, gels were dried and used to exposed phosphor screens. 
Radioactivity in individual bands was quantitated using a Molecular Dynamics 
Phosphorlmager. 
Tetrahymena Cell Culture and Preparation of Crude Cell Extract (SlOO) 
r. thermophila strain C3V cells were grown in the medium of 2% PPYS (2% protease 
peptone, 0.2% yeast extract, and 0.003% sequestrine) at 30 °C on a shaker with a rotary speed 
of 125 rounds per minute. Cells were grown to mid-logarithmic phase (2.5 X 10^ cells/ml) 
and then collected to prepare S100 extract basically as described by Greider and Blackburn 
65 
(Greider and Blackburn, 1985). All subsequent manipulations were carried out at 0-4 °C. 
Cells were washed twice with ice-cold buffer A and collected by centrifugation at 2600g for 10 
minutes and then resuspended in three pellet-volumes of buffer A. Cells were lysed by the 
additicxi of NP40 to a final concentration of 0.2% and gently stirred until cells were lysed as 
monitored by DAPI staining of nuclei. The cell lysate was centrifiiged at lOOOOOg for 60 
minutes at 2 °C in a Bee km an TLA 100.3 fixed-angle rotor. The clear supernatant, S100 
extract, was aliquoted and frozen immediately in liquid nitrogen. S100 extract was stored until 
use at -80 ®C, The protein concentration of S100 was 4 mg/ml measured by the Bradford 
assay. 
Purification of T. thermophila DNA Helicase I 
All manipulations were carried out at 4 °C. Buffer pH was adjusted at 4 °C and buffer 
contained 5 mM DTT, 10 nM pepstatin A, 10 ^iM leupeptin, and 100 |jM pefabloc. 
Chromatogr^hy fractions were assayed for DNA helicase activity, ATPase activity, and ssA-
TIBF activity. A total of 667 mg of S100 extract (Fraction I) was loaded onto an 
hydroxyapatite column (2.5 x 13 cm) equilibrated with 10 bed volumes of buffer B. After 
loading, the column was washed with 2 bed volumes of buffer B followed by 2 bed volumes 
of buffer C. The column was developed with a 5 bed volumes of a linear gradient of 1-500 
mM K*P04 in buffer C. The ssA-TIBF activity was eluted at 100-450 mM K^PCW. 
However, the fractions in the 100-250 mM KxP04 contained high nuclease activity. Only 
fractions without nuclease activity were pooled (Fraction H) and then loaded on a dsDNA-
cellulose column (2.5 x 4 cm) equilibrated with 10 bed volumes of buffer B. The column was 
washed with 4 bed volumes of buffer B and eluted with 7 bed volumes of a linear gradient of 
0-1000 mM NaCl in buffer B. DNA helicase activity was eluted at 70-350 mM NaCl and ssA-
TIBF activity eluted at 70-400 mM. Fractions containing both DNA helicase activity and ssA-
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HBF activities (70-350 mM NaQ) were pooled (fraction HI) and then loaded on a A37-
affinity-agarose column (1.5 x 2 cm) equilibrated with 10 bed volumes of buffer D. The 
column was washed with 3 bed volumes of buffer D and then eluted with 5 bed volumes of a 
linear gradient of 0-15(X) mM NaQ in buffer D. DNA helicase activity was eluted at ICKX) 
mM-14(X) mM and ssA-TIBF activity eluted at 900-14(X) mM. Fractions containing both 
helicase and ssA-TIBF activities (1250-14(X) mM NaCl) were pooled, desalted, concentrated 
with CentriccMi-10, frozen in liquid nitrogen, and stored at -80 °C until use (Fraction IV). 
Protein Concentration Determination and SDS-PAGE 
Protein concentration was determined by the method of Bradford (Bradford, 1976). 
SDS-PAGE was carried out according to Laemmli (Laemmli, 1970). 
UV>Cross-Linking of the ATP-Binding Subunit of T. thermophila DNA 
Helicase I 
ATP labeling reaction was performed essentially as described earlier (Siegal et al., 
1992). 4 ng of purified T. DNA helicase I (Fraction FV) was mixed with 20 mM Hepes (pH 
7.5), 5 mM MgCl2,1 mM DTT, 10 ^ig/ml BSA (nuclease and protease free), 50 Hg/ml heat-
denatured calf thymus DNA, and 5 |J.M [a-^^P]ATP (400 Ci/mmol). The mixture was 
incubated in ice for 5 minutes followed by irradiation with UV light for 10 minutes. The 
labeled protein was then precipitated by 10% TCA (ice cold) followed by centrifugation at 
12000g for 20 minutes at 4 ®C. The protein pellet was washed with cold acetone and then 
resuspended in 10 mM Tris-Cl (pH 7.5). The protein sample was loaded on a 12.5% SDS-
PAGE. After electrophoresis, the gel was silver stained and dried prior to exposure to a 
Phosphor screen. The result was analyzed by Phosphorlmager. 
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RESULTS 
Isolation of T. thermophila DNA Helicase I 
Our lab previously identified and characterized a single-stranded DNA binding protein, 
ssA-TIBF. ssA-TEBF specifically binds to the A-rich strand of the Type I repeat sequences in 
the replication origin region of Tetrahymem rDNA. In preliminary studies, we detected DNA 
unwinding activity in the most highly purified ssA-TIBF firactions as shown in Figure IA and 
B. Therefore, both DNA unwinding and ssA-TIBF activities should have at least partially 
cofractionated through each of the three chromatography steps (HA—> dsDNA-cellulose -> 
A37-afRnity-agarose) employed in the purification of ssA-TIBF. We have followed the 
chromatogr^hy procedure for ssA-TIBF isolation (Zhen et al., unpublished data) to purify 
Tetrahymem DNA helicase I, but with some modifications. The purificadon of T. DNA 
helicase I is outlined in Table 1. In this procedure, the first chromatography step on 
hydioxyapadte failed to allow the detection of DNA unwinding activity due to the interference 
of nuclease and/or phosphatase activity in Tetrahymena. Therefore, only ssA-TIBF activity 
was detected (Data not shown). Because both ssA-TIBF and DNA unwinding activities 
cofiractionated through each chromatography step, the peak fractions of ssA-TIBF should 
contain the DNA helicase and therefore were further resolved on a dsDNA-cellulose column 
(Kgure 2). This step allowed the detection of DNA helicase activity because most of the 
nuclease and/or phosphatase which interfered with the DNA unwinding assay remained in the 
flow-through of this column (data not shown). On dsDNA-cellulose, ssA-TIBF and DNA 
unwinding peaks co-firactionated. In addition, a broad DNA helicase peak could be observed at 
70-350 mM NaQ, which suggested the possibility of more than one DNA helicase co-existing 
up to this step. This became apparent after the next chromatography step on A37-affinity-
agarose, on which two DNA unwinding activities were resolved (Figure 3). One activity. 
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designated as Tetrahymena thermophila DNA helicase I (7. thermophila DNA helicase I), was 
eluted at a high salt concentration of 1000 mM to 1400 mM NaCl and still cofractionated with 
ssA-TIBF. Another activity was detected in the flow-through of this column. The silver 
staining results of the protein fraction after each chromatography step are shown in Figure 4. 
Biochemical Characterization of T. thermophila DNA Helicase I 
The DNA unwinding activity of 7. thermophila DNA helicase I was analyzed under 
various reaction conditions. As demonstrated in Figure 5, DNA unwinding activity was 
dependent on ATP Qane 13 in panel A). Mg^^ was absolutely required Gane 12 in panel A). 
NaQ stimulated DNA unwinding activity with an optimum of ~200 mM (panel B). A reaction 
temperature of 37 °C gave maximal helicase activity flane 5 in panel A). Whereas, 
temperatures of 42 °C, 30 °C, and 24 °C could not efficientiy support DNA unwinding (lane 6, 
4, and 3 in panel A, respectively). Incubation of the unwinding reaction mixture at 0 °C (lane 2 
in panel A) or pretreatment of this helicase at 56 ®C for 2 minutes Gane 1 in panel A) resulted in 
no DNA unwinding activity. Addition of one unit of Trypsin or 10 Hg/ml of Proteinase K in 
the reaction inactivated DNA unwinding activity Gane 7 and 8, in panel A, respectively). 
Inclusion of 10 mM EDTA or 0.1% SDS also abolished DNA unwinding activity (lane 9 and 
10, in panel A, respectively). 
Under optimal conditions, as described under Experimental Procedures, the rate of the 
DNA unwinding reaction was linear for 50 minutes and reached maximum in 150 minutes 
(Figure 6). DNA unwinding increased with increasing amounts of helicase (Figure 7). The 
amount of enzyme needed to unwind 50% (30 jimol) of helicase substrate was 2.6 ng. Based 
on this value and that one subunit of this DNA helicase was a -70 kDa polypeptide (see the 
following UV-cross-linking result), less than one molecule of this helicase was needed to 
unwind one molecule of helicase substrate. This number indicated that the DNA unwinding 
reaction catalyzed by this DNA helicase was truly catalytic rather than stoichiometric. 
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Characterization of DNA-dependent ATPase Activity 
The ATPase activity associated with T. thermophila DNA helicase I was tneasuied in 
the presence or absence of various cofactors. As shown in Table 2, there was virtually no 
ATPase activity in the absence of single-stranded calf thymus DNA or Mg^^, indicating that the 
associated ATPase activity was DNA dependent and absolutely required Mg^*. Among the 
eight nucleotide cofactors tested, CTP and dCTP had maximal stimulatory effect on ATPase 
activity. In contrast, ATP and dATP had the least stimulatory effect The extent of stimulation 
of eight nucleotides could be summarized as: dCTP > CTP > UTP > dTTP > dGTP > GTP > 
dATP > ATP. 
Determination of ATP-Binding Site 
Since NTP hydrolysis is required for DNA unwinding catalyzed by DNA helicase, 
binding of NTP to a helicase is a prerequisite for NTP hydrolysis. Based on this feature of 
helicase activity, UV-cross-linking of [a-^^P] ATP to helicase fraction IV was carried out to 
identify the ATP-binding polypeptide of this helicase. Silver staining of fraction IV revealed 
several polypeptides (panel A in Figure 8). Incubation of this fraction with [a-'^P]ATP under 
ultraviolet light irradiation induced a specific cross-linking of ['^P]-ATP to the ~70 kDa 
polypeptide (panel B in Rgure 8), indicating that the ~70 kDa polypeptide contained the ATP 
binding domain, and suggesting that the -70 kDa polypeptide was the ATP-binding subunit of 
this DNA helicase. Moreover, the ATPase activity associated with this DNA helicase may also 
reside on this ~70 kDa polypeptide. 
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DISCUSSION 
During the purification of a single-stranded DNA binding protein, ssA-TEBF (Hou et 
al., 1995; Umthun et al., 1994), a protein that specifically binds to a replication control element 
in the origin region of rDNA replication in Tetrahymena thermophila, we discovered that a 
potent DNA helicase activity was present in the most highly purified fraction. 
In this paper, we have described the identification, partial purification and 
characterization of the first DNA helicase in protozoa, Tetrahymena thermophila DNA helicase 
1. Our experiments establish that it is an ATP-dependent DNA helicase that works catalytically 
rather than stoichiometrically. A DNA-dependent ATPase activity is associated with this 
helicase. The ATP-binding subunit is a -70 kDa polypeptide, clearly distinct firom the 24 kDa 
polypeptide which has been shown to be one of the subunits of ssA-TIBF (Hou., et al., 
unpublished data). The ~70 kDa polypeptide probably also contains the domain of ATPase 
activity because it binds to ATP. All eight nucleotides are effective cofactors to support DNA-
dependent NTPase (dNTPase) activity, with dCTP and CTP the most efficient (2 mM) 
was absolutely required both for DNA unwinding and DNA-dependent ATPase activities. In 
contrast, monovalent cation, Na\ has dramatically different effects on DNA unwinding and 
ATPase activities. NaCl stimulates DNA unwinding activity of T. thermophila DNA helicase I 
with an optimum of 200 mM. Lower concentration of NaCl, < 100 mM, inhibits DNA 
unwinding activity. In contrast, DNA-dependent ATPase activity of T. thermophila DNA 
helicase I is quite constant throughout a broad NaCl range from 0 to 200 mM (data not shown). 
Differential requirement for monovalent cation is also present in other known DNA helicase 
(Poll et al., 1994), and may reflect the involvement of different mechanisms for the unwinding 
of DNA substrates and the hydrolysis of NTP (dNTP). The higher concentration of 
monovalent cation may promote the binding of helicase to its DNA substrates and lead to the 
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unwinding of the substrates. Whereas the binding of NTP (dNTP) to the NTP (dNTP) 
binding site does not need, nor is inhibited, by monovalent cation. 
This monovalent cation requirement is quite different from that of most other eukaryotic 
DNA helicases which are either inhibited or not affected by monovalent cations. However, T. 
thermophila DNA helicase I does share this monovalent cation requirement with two other 
eukaiyotic DNA helicases, Xenopus laevis ovarian DNA helicase I (Poll et al., 1994) and calf 
thymus nuclear DNA helicase I (Zhang and Grosse, 1991). A concentration of 130 mM NaCl 
is optimal for the DNA unwinding activity of X. laevis ovarian DNA helicase I, and a 
concentration of 150 mM NaCl significantly supports calf thymus nuclear DNA helicase I to 
unwind DNA substrates. 
The last chromatography column employed was made of biotinylated A37-mer 
oligonucleotides bound to streptavidin-agarose. A37-mer oligonucleotide is the rDNA 
replication control element which is present in the replication origin region of Tetrahymena 
rDNA. There are two DNA unwinding activities resolved on this column, one which appears 
in flow-through and the other is T. thermophila DNA helicase I which is eluted at 1250-1400 
mM NaCl. The one contained in flow-through fractions is not likely the unbound T. 
thermophila DNA helicase I because the two DNA unwinding activities have different 
directionalities (C. Du and D.L. Dobbs, unpublished data). Thus, the putative DNA helicase 
activity resolved in the flow-through of this column is a different DNA unwinding activity from 
T. thermophila DNA helicase 1. 
Since there are a number of different DNA helicases in each organism as observed in 
ptokaryotes, eukaryotic viruses, and eukaryotic cells, we would expect multiple DNA helicases 
to exist in Tetrahymena. During the purification of T. thermophila DNA helicase I, two DNA 
unwinding activities were resolved under the given conditions. This result does not exclude 
the possibility that more than two helicases are present in Tetrahymena. In fact we have 
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detected several other DNA helicase acdvities by using other chromatogn^hy protocols (C Du 
and D.L. Dobbs, unpublished data). 
Replication protein A (RPA), a single-stranded DNA binding protein, is a key protein 
that functions in DNA replication, recombination, and transcription (Fairman and Sullman, 
1988; Wold and Kelly, 1988; Luche et al., 1993). RPA is capable of unwinding double-
stranded DNA in an ATP-independent manner. Mg^^ also inhibits its DNA unwinding activity 
(Georgaki and Hubscher, 1993; Georgaki et al., 1992). Our helicase fraction (Fraction IV) 
contains a single-stranded DNA binding protein, ssA-TIBF. However, the DNA unwinding 
activity in this fraction fulfills the requirement for a bona fide DNA helicase activity, i.e. 
absolute ATP- and Mg^^-dependence. Moreover, UV-cross-linking specifically labeled the 
-IQ kDa polypeptide in the protein fraction, clearly distinct from the 24 kDa polypeptide which 
has been demonstrated to be one of the subunits of ssA-TIBF homotetramers (Z. Hou et al., 
unpublished data). Therefore, the DNA helicase activity and ssA-TIBF are two distinct 
identities. 
The A37-mer oligonucleotide is the A-rich single-stranded sequence of a replication 
control element found within the Type I repeats in the replication OTigin region of Tetrahymem 
rDNA (Larson et al., 1986; Yaeger et al., 1989). Mutations in Type I repeats have been shown 
to cause defects in the replication and/or maintenance of rDNA. ssA-TIBF specifically binds to 
this replication control element, and this binding has been shown to occur with different 
affinities for different A37 sequences coiresponding to different replication efRciencies of 
rDNA (Hou et al., 1995; Umthun et al., 1994; Z. Hou et al., unpublished data). Co-elution of 
T. thermophila DNA helicase I with ssA-TIBF suggests a possible physical association of the 
two proteins, or a specific binding of this DNA helicase to A37-mer sequence because the 
helicase activity is eluted at 1250-1400 mM NaQ. If antibody against T. thermophila DNA 
helicase I or ssA-TIBF or both becomes available, we can directiy examine whether the two 
proteins are physically associated by immunoprecipitation. If the two proteins are in fact 
73 
physically associated, one favorable possibility would be that the specific binding of ssA-TIBF 
to Type I rq)eats may diiea the associated T. thermophila DNA helicase I to the origin of 
rDNA replication so that this helicase could possibly unwind DNA from the origin of rDNA 
replication. A similar mechanism exists in E. coli DNA replication. DnaB protein is the 
replicative helicase in £. coli DNA replication and responsible for the establishment and 
propagation of replication forks (Komberg and Baker, 1992; LeBowitz and McMacken, 1986). 
However, the entrance of DnaB protein to the origin of replication requires protein-protein and 
protein-DNA interactions. Only in association with DnaC protein can the DnaB-DnaC protein 
complex enter the origin to where the initiator protein, DnaA, has bound. Once positioned 
between the DNA strands, DnaB helicase unwinds the duplex DNA as it moves in the 5' to 3' 
direction along the strand to which it binds. 
If it turns out that the two proteins are not physically associated, we would ask why 
this helicase elutes at a quite high salt concentration in a Type I repeat affinity column. Elution 
by 1000-1400 mM NaCl indicates a possible high affinity of this helicase to the A37-mer DNA 
sequence. If this is true, this helicase could specifically bind to the control element of the 
rDNA replication and thereby play a role in rDNA replication. Future experiments involving 
gene cloning and knock-out will tell if this helicase functions in DNA replication. In any event, 
T. thermophila DNA helicase I is the first DNA helicase found in protozoa, and studies of its 
functions will facilitate the understanding of certain aspects of DNA metabolism 
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FIGURE LEGENDS 
Figure 1. Identification of DNA unwinding activity in the most highly 
purified ssA-TIBF fractions. 
The affinity-purified ssA-TEBF fractions (67000 fold) were assayed for DNA 
unwinding activity. Panel A shows the results of mobility shift assay performed to detect Type 
I repeat binding activity of the protein fractions. 72 ng of affinity-purified ssA-TIBF fractions 
were incubated with 32p.iabeled Type I repeat sequences (A37-mer) under the conditions 
described in Experimental Procedures. The mixture of protein and DNA oligos was separated 
from free A37-mer by electrophoresis. The mobility shifted protein-DNA complex in Panel A 
indicates a protein binding activity for Type I repeat sequences. Panel B shows the results of 
DNA helicase assay for the affinity-purified ssA-TIBF fractions. 72 ng of ssA-TIBF fractions 
was used to assay for DNA unwinding activity. The partially duplex DNA helicase substrates 
were prepared as described under Experimental Procedures. After incubadon of ssA-TIBF 
frtictions with DNA helicase substrates, the 32p.iabeled 47-mer was displaced from the 
pardally annealed helicase substrates as shown in panel B, indicating a DNA unwinding 
activity in ssA-TIBF fractions. 72 ng of Xenopus DNA helicase 1 was used as a positive 
control. 
Figure 2. Elution profile of T. thermophila DNA helicase I and ssA-TIBF 
activities from dsDNA-cellulose column. 
Fractions containing ssA-TIBF activities after chromatography on hydroxyapatite 
(Fraction II) were pooled and loaded on to dsDNA-cellulose. The column was eluted with a 
salt gradient of 0-1000 mM NaCl as described under Experimental Procedures. DNA helicase 
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activity and ssA-TEBF activity were bodi detected for the firactions eluted by salt gradient 
Solid circles indicate DNA unwinding activity and open ones indicate ssA-TIBF activity. 
Figure 3. Elution profile of T. thermophila DNA helicase I and ssA-TIBF 
activities from A37-affinity-agarose column. 
Fractions containing both DNA helicase and ssA-TIBF activities after chromatography 
on dsDNA-cellulose were pooled (Fraction DI) and loaded on to A37-affinity-agarose. The 
column was eluted with a salt gradient of0-1500 mM NaCl. Each chromatography fraction 
was assayed for DNA helicase and ssA-TIBF activities as described under Experimental 
Procedures. 
Figure 4. Silver staining of protein fractions after eacii chromatography step. 
Protein fractions obtained after each chromatography step were electrophoresized in a 
10% SDS-polyacrylamide gel according to Laemmli (Laemmli, 1970) and stained with silver 
using Bio-Rad's silver stain plus kit. Lanel and 6: protein molecular weight standards (MWS) 
as indicated in kilodaltons. Lane 2: S100 protein (Fraction I). Lane 3-6: protein fractions after 
each chromatography column as indicated on the top of the figure. The corresponding fraction 
numbers are shown at the bottom of the figure. The solid arrow indicates the ~70 kDa ATP-
binding subunit of T. thermophila DNA helicase I (see the results showed in Figure 8). The 
arrow with dashed line indicates the 24 kDa subunit of ssA-TIBF (see the text). 
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Figure 5. Reaction requirements for 7. thermophila DNA helicase activity. 
Panel A: Various reaction requirements of T. thermophila DNA helicase 1. Each DNA 
helicase assay was performed with one unit of purified helicase (fraction IV) under various 
conditions as specified in the figure. Lane 1: DNA unwinding reaction was performed with 
purified helicase which was pre-incubated at 56 °C for 2 minutes. Lane 2-6: reactions under 
different temperatures. Lane 7 and 8: reactions with one unit of trypsin and 10 ^g/ml of 
Proteinase K, respectively. Lane 9: reaction with 10 mM EDTA. Lane 10: reaction with 0.1% 
SDS. Lane 12: reaction in the absence of Mg^^. Lane 13: reaction in the absence of ATP. 
Lane 11: no enzyme control. Lane 14: heat-denatured helicase substrate alone. 
Panel B: Effect of NaCl on DNA unwinding activity of 7, thermophila DNA helicase I. 
Increasing amounts of NaQ (mM) were added to each DNA helicase assay reaction as 
described in "Experimental procedures". The concentration of NaCl (mM) in each reaction is 
indicated on the top of each lane in the figure. The "Control" indicates the heat-denatured DNA 
helicase substrate alone. 
Figure 6. Kinetics of 7. thermophila DNA helicase 1. 
0.8 unit of purified enzyme was used in each reaction. Top panel shows the 
autoradiography of helicase reaction products. Each lane represents products from the reaction 
performed for a different time as indicated in the figure, except that "control" has products of a 
no enzyme control, and "heat-denatured substrate" has the denatured substrate alone. Bottom 
panel shows the quantitative data. 
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Figure 7. Titration of T. thermophila DNA helicase I. 
Different amounts of DNA helicase (fraction IV) were included in the unwinding 
reaction. The top panel shows the autoradiography of the titration products. The amount of 
enzyme used in each reaction is indicated cm top of the figure. Bottom panel indicates the 
amount of unwinding plotted as a function of the amount of helicase added. 
Figure 8. Covalent radiolabeling of T. thermophila DNA helicase I with [a-
'^P]ATP. 
Panel A shows silver staining of purified T. DNA helicase I (fraction IV) after SDS-
PAGE electrophoresis. MWS: molecular weight standards. Helicase/ssA-TEBF: 90 ng of 
fraction IV containing both helicase and ssA-TIBF activities. Panel B shows the covalent 
labeling of T. thermophila DNA helicase with [a-'^P] ATP. The UV-cross-linking reaction 
was carried out as described under Experimental Procedures. 4 ng of protein sample was 
incubated with or without exposure to UV irradiation as indicated. 
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Table 1. Purification of Tetrakymena DNA Helicase I 
Fraction 
Protein 
(mg) 
Volume 
(ml) 
Helicase Activity 
(units) 
Speciflc Activity 
(units/mg) 
SlOO Extracts 
(Fraction I) 
667 220 N.D. N.D. 
Hydroxyapatite 
(Fraction II) 
180 160 N.D. N.D. 
dsDNA-Cellulose 
(Fraction ni) 
036 9 12,000 62,000 
A37-Affinity-AgaF0se 
(Fraction IV) 
0.005 0.5 1,900 380,000 
N.D. = Not Detennined 
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Table 2. Cofactor Requirements for the DNA-
Dependent ATPase Activity Associated With T. 
thermophila DNA Helicase I 
Treatment Nucleotide Hydrolyzed (nmol) 
An»(4mM) 2.0 
UTP(4mM) 15.0 
CTP (4mM) 16.8 
OTP (4mM) 9.6 
dAIP (4 mM) 3.2 
(nTP(4mM) 13.5 
dCTP (4mM) 18.9 
dGTP (4 mM) 125 
-Mg2+ 0.0 
-Calf Tltynius ssDNA 0.0 
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CHAPTER IV. BIOCHEMICAL CHARACTERIZATION OF 
TETRAHYMENA THERMOPHILA DNA HELICASE I 
A paper prepared for submission to Biochemistry 
Chunying Du and Drena L. Dobbs 
ABSTRACT 
We previously reported the identification and partial purificadon of the first DNA 
heUcase activity identified in a protozoa, Tetrahymena thermophila DNA helicase I (C. Du et 
aL, Chapter HI). Here we describe biochemical properties and substrate requirements of T. 
thermophila DNA helicase 1. T. thermophila DNA helicase I unwound duplex DNA in a 
reaction that was dependent on the addition of ATP or dATP. The non-hydrolyzable ATP 
analog, ATP-y-S, could not substitute for ATP in the unwinding reaction; neither could ADP 
or AMP; indicating a requirement for concomitant ATP hydrolysis. T. thermophila DNA 
helicase I only utilized dATP or ATP for its DNA unwinding activity. Moreover, dATP was 
about five times more efficient than ATP in supporting DNA unwinding. DNA helicase I 
exhibited high affiniQ^ for ssDNA and with lower affinity for dsDNA. Among the several 
synthetic helicase substrates tested, the best one was a preformed DNA fork-like structure with 
a 3' non-con^lementary tail. Whereas, a DNA fork-like substrate with a 5' tail was 
inefficientiy unwound. In addition, T. thermophila DNA helicase I could readily unwind a 17-
nt or 21-nt oligonucleotide fully annealed with an M13 ssDNA template, but could not unwind 
oligonucleotides ^ 32 nt The directionality of T. thermophila DNA helicase I was determined 
to be 3' to 5'. 
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INTRODUCTION 
Replicadon of chroososomal DNA requires a group of enzymes and proteins to 
functionally cooperate temporally and spatially. A critical step in DNA replication is the 
unwinding of parental DNA strands. Replicadve DNA helicases are the enzymes that catalyze 
the disruption of the forces that hold the two strands together, generating transient single-
stranded DNA templates for the replication machinery to synthesize nascent strands. The 
essential role of replicative helicases has been well documented in prokaryotic and eukaryotic 
viral DNA replication. One example of a prokaryotic replicative helicase is E. coli DnaB 
protein (Komberg and Baker, 1992). It is the principal replicative helicase in E coli 
chromosomal DNA replication. It unwinds DNA from the origin of replication (oriQ in 
association with DnaC protein. DnaB helicase also functionally cooperates with other 
components of replication machinery such as E coli single-stranded DNA binding protein 
(SSB) and DnaG primase. SSB stimulates DnaB helicase activity by binding to the unwound 
DNA products and preventing reannealing of the separated DNA strands. DnaG primase 
stimulates DnaB DNA unwinding activity by physically and functionally associating with DnaB 
protein. Thus the helicase-primase complex serves the dual role of unwinding the duplex DNA 
ahead of the advancing DNA polymerase while providing RNA primers to initiate lagging 
strand synthesis. 
In eukaryotic viral DNA replication, the best understood replicative helicase is SV40 
large tumor antigen (T antigen) (Borowiec, 1996; Challberg and Kelly, 1989; Ellen, 1992). T 
antigen is a multifunctional protein which functions in DNA replication, transcription, and in 
the transforming activity of the virus. In DNA replication, it serves both as a replicative 
helicase and an initiator protein. It specifically recognizes a defined origin sequence in the viral 
genome (core ori) and actively unwinds the origin in the presence of replication protein A (RP-
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A) or SSB from other sources. Once the origin is unwound, T antigen forms an initiation 
complex with DNA polymerase a-primase (Hay and DePamphilis, 1982; Taljanidisz et al., 
1989), and then continues to unwind the duplex DNA in the replication forks. During 
replication elongation, T antigen probably also remains in association with the DNA 
polymerase a-primase (Weinberg et al., 1990). 
An eukaryotic cellular analogy of S V40 T antigen or E. coli DnaB that functions in the 
unwinding of the chromosomal DNA has not yet been identified. However, the study of 
prokaryotes and eukaryotic viral DNA replication systems has revealed a common prominent 
characteristic of replicative helicases; their specific interaction with other components of DNA 
replication machinery. In eukaiyotes, several DNA helicases that have been isolated in 
association with certain DNA replication factors, such as DNA polymerases (Li et al., 1992; 
Siegal et al., 1992), polymerase-a :DNA primase complex (Biswas et al., 1993; Biswas et al., 
1993; Thommes et al., 1992; Thommes and Hubscher, 1990), RP-A (DeLange and 
McFadden, 1990), replication factor C (RF-C) (Li et al., 1992), and DNA replication origin 
binding protein (Dailey et al., 1990). Unfortunately, direct functional evidence for a role of 
these helicases in DNA replication is still lacking. To date only one eukaryotic DNA helicase 
has been directly implicated in chromosomal DNA replication, the Dna2p protein from yeast 
(Budd and Campbell, 1995; Budd et al., 1995). Genetic evidence has proven that Dna2p is 
essential for chromosomal DNA replication in vivo. However, whether helicase Dna2p 
functions to unwind the replication origin is not known. The search for additional replicative 
helicases is still a critical task in helping understand the mechanisms of eukaryotic 
chromosomal DNA replication. 
Tetrahymena themtophila is another useful eukaryotic model system for the study of 
replicative helicases, because its ribosomal RNA gene (rDNA) has been highly amplified in the 
form of 21 kb linear molecules and the rDNA has a relatively well defined replication origin 
region (Kapler et al., 1996; Larson et al., 1991). A genetically defined replication control 
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element, the Type I repeat sequence, is located within the origin region and has been shown to 
detennine a replication hierarchy among different rDNA alleles of Tetrahymena (Larson et al., 
1986). In addition, a single-strand DNA binding protein, ssA-TIBF, has been shown to 
specifically bind to the A-rich strand of the Type I repeat sequences and exhibits a higher 
binding affinity for the Type I repeat sequences that exists in the preferentially replicated rDNA 
allele (Hou et al., 1995; Umthun et al., 1994). This differential binding affinity in vitro 
suggests that ssA-TIBF could play roles in rDNA replication in vivo. 
We have recently identified and partially purified the first DNA helicase from 
Tetrahymena thermophila, Tetrahymena thermophila DNA helicase I (C. Du et al.. Chapter 
m). T. thermophila DNA helicase I co-fiactionated with ssA-TIBF through several 
chromatography steps. In this study we report the biochemical characterization of Tetrahymena 
DNA helicase L Several unique characteristics and possible biological roles of this DNA 
helicase will be discussed. 
EXPERIMENTAL PROCEDURES 
Enzymes 
E. coli DNA polymerase I Klenow fragment, bacteriophage T4 polynucleotide kinase, 
and restriction enzyme Sma I were purchased from New England Biolabs, Inc. 
Chemicals 
Nuclease-free bovine serum albumin and G-50 Sephadex Quick Spin (TE) Columns 
were purchased from Boehringer Mannheim Biochemicals. Bio-Gel A-5m and Sephadex G-25 
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were firom BioRad. [y-^^P]ATP (specific activity =7(XX) Ci/mmol) and [a-^^P]dCTP 
(specific activity=4(X) Ci/nmiol) were from ICN. 
Oligonucleotides, Nucleic acids, and Nucleotides 
Oligonucletides 1-7 (Table 1) were synthesized by the Midland Certified Reagent 
(Company. Oligonucletides # 8-10 (Table 1) were synthesized at Iowa State University Nucleic 
Acid Research Facility. M13mpl9 ssDNA and M13mpl9 RFIDNA were prepared according 
to standard protocols (Sambrook et al., 1989). Native calf thymus DNA (type I) was 
purchased from Sigma and denatured calf thymus DNA was made by boiling the native calf 
thymus DNA (Img/ml) for ten minutes following by rapid cooling in ice. All nucleotides were 
ultrs^ure from Pharmacia Biotech. 
DNA Unwinding Substrates 
Helicase substrates were prepared as described previously (C. Du et al, Chapter III). 
The 47-nt oligonucleotide (oligonucleotide #1 in Table 1), 5'-
(T) 15G1111 CCCAGTCACGAC(T) 15-3was complementary to ssM13mpl9 (+) strand. 20 
32 pmol of the 47-nt oligonucleotide was labeled at its 5' end with 50 pmol of [y- P]-ATP (7000 
Ci/mmol) by 20 units of T4 polynucleotide kinase at 37 °C for 1 hour. The unreacted [y 
-^^P]-ATP was removed by centrifiigarion of the reaction mixture through a Sephadex G-50 
quick spin column. The labeled oligonucleotides were annealed with 10 pmol of M13mpl9 
ssDNA in buffer E. The annealing mixture was boiled for 5 minutes and then incubated 
sequentially at 65 °C for 25 minutes, 37 °C for 25 minutes, and room temperature for 5 
minutes. The annealed helicase substrate was separated firom the unannealed oligonucleotides 
by chromatography on a 8-ml Bio-Gel A-5m column equilibrated with buffer F. The annealed 
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substrate was eluted with buffer F and was pooled and quantified by spectrometric absorption 
at280nm. The concentration of helicase substrate was 30 fhx>l/ml. Two microliter of helicase 
substrate was used in each helicase assay. 
Directionality Substrates 
The 3' to 5' directionality substrates were prepared as follows: the 32-nt 
oligcMiucleodde (oligonucleodde #5) was labeled at its S' end as described in the preparadon of 
the substrate used in helicase assay. The labeled oligonucleotide was then annealed with 
M13mpl9 ssDNA, generating a cleavable Sma I restriction site (Figure 4). The unhybridized 
oligonucleotides in the annealed mixture were purified as described above. The purified hybrid 
was digested with 2 units of Sma I restriction enzyme, generating a linear substrate with two 
short hybridized stretches at both ends. Only the 15-raer was radiolabeled and the hybrid 
stretch with the 15-mer will be displaced by a DNA helicase if the helicase has a 3' to 5' 
directionality. 
The 5' to 3' directionality substrates were prepared as follows: the 32 nt oligonucleotide 
was direcdy annealed with M13 ssDNA to generate a Sma / restriction site. The annealed 
substrate was then digested with 2 units of Sma I to generate two duplex DNA regions at both 
ends of Ml 3 ssDNA template. The duplex DNA region formed by 17-nt oligonucleotide was 
then elongated at its 3' end by Klenow fragment with die addition of [a-^^P]dCTP as well as 
cold dATP and dGTP. In this way the elongation reaction stopped after four nucleotides were 
added because the fifth nucleotide should be dTIP which was absent in the provided nucleotide 
pool. Therefore, the 3' end of the elongated nucleotide (21-mer) was labeled and will be 
unwound by a DNA helicase with a 5' to 3' directionality. 
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Helicase Assay 
The DNA helicase assay (15 ^U) contained 50 mM Tris-HQ (pH 7.5 at room 
temperature), 4 mM ATP, 2 mM MgQ2,200 mM NaCl, 5 mM dithiothreitol (DTT), 100 
M.g/|xl bovine serum albumin, 5% glycerol, 2 ^il of DNA helicase substrates (30 fmol/|il) and 5 
o 
Hl of helicase fraction. The reaction was performed at 37 C for 30 minutes followed by the 
addition of stop solution of 2% sodium dodecyl sulfate (SDS), 5% glycerol, 0.01% 
bromophenol blue solution, and 0.01% xylene cyanol FF. The reaction mixture was loaded on 
12% native polyacrylamide gels and subjected to electrophoresis in 54 mM Tris-Borate and 1.2 
mM EDTA, pH 8.15. After electrophoresis, the gel was dried and then exposed to a Phosphor 
screen for analysis by Molecular Dynamics Phosphorlmager. One unit of helicase activity is 
defined as the amount of enzyme that unwinds 50% of the substrate at 37 in 30 minutes 
under the given conditions. 
RESULTS 
Nucleotide Requirements for DNA Unwinding Activity 
To examine the nucleotide cofactor requirements for DNA unwinding by T. 
thermophila DNA helicase I, each nucleotide was separately added into the helicase assay. As 
shown in Figure 1, T. thermophila DNA helicase I exhibited a strong selectivity in utilization of 
deoxyribonucleotides and ribonucleotides for DNA unwinding. DNA helicase I hydrolyzed 
dATP and ATP but none of other nucleoside triphosphates in its unwinding reaction. The 
extent of DNA unwinding supported by dATP was five times higher than that by ATP. 
Neither ADP nor AMP was able to support DNA unwinding. The non-hydrolyzable ATP 
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analog, ATP-y-S, did not support DNA unwinding, indicating that ATP hydrolysis was 
required for the unwinding reaction. 
Inhibitory Effects of Nucleic Acids on DNA Helicase Activity 
To test the relative affinity of T. thermophila DNA helicase I for different nucleic acids, 
increasing concentraticms of MlSmplP ssDNA and MBmplQ dsDNA or native and denatured 
calf thymus DNA were added to the helicase assays. As shown in Figure 2, all of the tested 
nucleic acids had inhibitory effects on DNA unwinding. Both M13n]pl9 ssDNA and calf 
thymus ssDNA strongly competed with the helicase substrates and showed high inhibitory 
effects on DNA unwinding. M13mpl9 ssDNA exhibited 100% inhibition at 25 ng/|il and calf 
thymus ssDNA 100% inhibition at 75 ng/|ji. Double-stranded nucleic acids also competed, 
although less efficiently, with 90% inhibition at 100 ng/^il of M13mpl9 dsDNA and 81% 
inhibition at 100 ng/^l of calf thymus dsDNA. The overall inhibitory effects of these various 
nucleic acids on DNA unwinding can be arranged in the order of M13mpl9 ssDNA > calf 
thymus ssDNA > M13mpl9 dsDNA > calf thymus dsDNA. 
DNA Helicase Activity on Various Substrates 
To examine the substrate preference of T. thermophila DNA helicase I, various types of 
DNA helicase substrates were tested. As shown in Figure 3, substrates B and C represent 
DNA replication fork-like structures which resemble DNA replication intermediates. Substrate 
B represents the fork-like structure with a 5' non-complementary tail. Whereas, substrate C 
represents the fork-like stmcture witii a 3' non-complementary tail. T. thermophila DNA 
helicase I most efficiently unwound the substrate with a 3' non-complementary tail (100% 
unwinding, Figure 3C), whereas, it much less efficiently unwound the substrate with a 5' 
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hanging tail (14% unwinding, Figure 3B). It unwound 60% of the substrate with both S' and 
3' hanging tails (Figure 3A). DNA helicase I also unwound a fully annealed oligonucleotide, 
although much less efGciendy, with 8% unwinding for the substrate with 17-nt fully annealed 
oligonucleotide (Figure 3D) and 5% fen* the substrate with 21-nt fully annealed oligonucleotide 
(Figure 3E). This helicase failed to unwind 32-nt fully annealed oligonucleotide (Figure 3F). 
Directionality of DNA Unwinding 
The DNA substrates used to determine the direction of DNA unwinding were 
constructed as illustrated in Figure 4. One substrate contained a 5'end-labeled 15-nt annealed 
oligonucleotide (3' to 5' substrate. Panel A) and the other contained a 3' labeled 21-nt annealed 
oligonucleotide (5' to 3' substrate, Panel B). If a DNA helicase unwinds the DNA from 3' to 
5' with respect to the linear single-stranded DNA it binds, the labeled 15-mer should be 
released fincHn the linear MI3 DNA template. Whereas, if a DNA helicase unwinds DNA in 5' 
to 3' direction, the labeled 21-mer should be displaced from linear M13 DNA template. Using 
these substrates, DNA helicase I efficientiy displaced the 15-nt oligonucleotide from the linear 
Ml3 DNA (Rgure 4C, lane 6) but not the 21-nt oligonucleotide (Figure 4C, lane 1), even 
though the same 21-nt oligonucleotide was readily displaced from circular Ml3 DNA template 
(Figure 3E). Taken together, these results demonstrate that Tetrahymena DNA helicase I 
catalyzes the reaction of DNA unwinding in the 3' to 5' direction with respect to the single-
stranded DNA template to which it binds. 
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DISCUSSION 
Our previous work showed that T. thermophila DNA helicase I is an ATP and Mg2+-
dependent DNA helicase. It also has an associated DNA-dependent ATPase activity. The 
ATP-binding subunit is a polypeptide of ~70 kDa (C. Du et al.. Chapter HI). 
In this study, the biochemical characterization of T. thermophila DNA helicase I has 
revealed a different property in the usage of nucleotide cofactors for its DNA unwinding 
activity frcwn other known eukaryotic DNA helicases. T. thermophila DNA helicase I only 
uses dATP and ATP as its nucleotide cofactors to support DNA unwinding and exhibits a five 
fold higher preference to hydrolyze dATP rather than ATP. This preference for dATP over 
ATP is unique among all DNA helicases so far characterized. 
It should be noted that the nucleotide cofactor requirement for DNA unwinding activity 
of r. thermophila DNA helicase I is much more selective than those for the associated NTPase 
(dNTPase) activity (C. Du et al., chapter HI). DNA unwinding activity is only supported by 
dATP and ATP, whereas the associated NTPase (dNTPase) activity is supported by all eight 
nucleoside triphosphates. Similar data have been obtained for several other known DNA 
helicases including SV40 T antigen (Stahl et al., 1986) and Xenopus laevis ovarian DNA 
helicase I (Poll et al., 1994). The differential requirements for nucleotide cofactors of T. 
thermophila DNA helicase I in supporting DNA unwinding and NTP (dNTP) hydrolysis could 
arise from the conforaiational change of the helicase induced by the bound nucleotide cofactor. 
According to this model, we propose that although all eight nucleotides could support the 
NTPase (dNTPase) activity associated with this helicase, only the binding of dATP or ATP 
could induce an appropriate conformational change of the helicase that causes an optimal 
placement of the active center of this helicase relative to the helicase substrates and leads to the 
unwinding of the helicase substrates. 
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The translocation direction of 7". thermophila DNA helicase I is 3' to 5' with respect to 
the single-stranded DNA to which it binds. This diiecdonality is shared with the replicative 
helicase T antigen in SV40 (Ellen, 1992), Dna2p in yeast (Budd and Campbell, 199S; Budd et 
al., 1995), and a probable replicative helicase, the RIP ICQ, in Hela cells which has been 
shown to specifically recognize and bind to an origin sequence of DNA replication (Dailey et 
al., 1990). A 3' to 5' directionality of a replicative helicase often indicates a possible 
interaction with DNA polymerase which moves in the same direction in the prcx:ess of DNA 
replication. One example is that T antigen and DNA polymerase a-primase form an initiation 
complex and they work cooperatively during elongation of DNA replication. In addition, the 
analysis of DNA substrate requirement showed that T. thermophila DNA helicase I prefers to 
unwind a preformed fork-like DNA substrate with a 3' non-complementary tail. This 
preference for a fork-like DNA stmcture is shared with replicative helicase T antigen in SV40. 
The unwinding reaction catalyzed by T antigen in vitro requires a short (5-10 nt) 3'-single-
stranded region to which T antigen binds and initiates unwinding. Binding experiments have 
further suggested that T antigen preferentially binds to the single-stranded and duplex DNA 
junction on these partial duplex molecules (Weikowski and Schwarz, 1988). The combination 
of the 3' to 5' directionality and the preference for fork-like DNA substrate indicates that T. 
thermophila DNA helicase I could function in DNA replication by binding to the leading strand 
template and translocating toward the replication fork, and it may also interact with 
Tetrahymena DNA polymerase. 
The co-fi^tionation of T. thermophila DNA helicase I with ssA-TIBF through several 
chromatography steps is also consistent with a possible role for this helicase in rDNA 
replication. ssA-TEBF specifically recognizes and binds to the Type I repeat which is a 
replication control element in rDNA replication. This specific binding could help direct the 
associated helicase to locate the origin region and initiate DNA unwinding. Although this 
hypothesis has not been proven, isolation of the gene for T. thermophila DNA helicase I will 
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make it possible to test whether it is essential for DNA replication in vivo by gene knock-out 
If it is essential, direct examination of its interactions with ssA-HBF would be the next step. 
The lack of origin-dependent in vitro DNA replicadon system using cell-free extracts 
has been one of the major difficulties fw the identification of replicative helicases. 
Tetrahymena is a tractable system for genetic analysis and thus will allow us to examine the 
function of this helicase in DNA replication. 
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FIGURE LEGENDS 
Figure 1. Nucleotide Cofactor Requirements for DNA Unwinding. 
DNA unwinding assays were carried out in the presence of 0.8 unit of T. thermophila 
DNA helicase I and 4 mM of each nucleoside triphosphate as indicated in the figure. All other 
reaction conditions were the same as in the standard helicase assay as described under 
Experimental Procedures, "heat-denatured substrate" was the denatured substrate alone. 
Figure 2. Inhibitory Effects of Competitor Nucleic Acids on DNA Unwinding. 
DNA helicase assays were carried out as described under Experimental Procedures with 
the addition of competitor nucleic acids to the indicated final concentrations as shown in the 
figure. DNA helicase activity in the absence of added nucleic acids was arbitrarily designated 
as 100%. 
FIGURE 3. DNA Helicase Activity With Various Substrates. 
The DNA helicase reactions were perfomied as described under Experimental 
Procedures with the addition of various substrates as indicated in the figure. Each panel shows 
the structure of the substrate used and the corresponding percentage of DNA unwinding 
catalyzed by T. DNA helicase 1. 
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FIGURE 4. Determination of the Directionality of DNA Unwinding. 
Panel A and B are the schematic representations of the construction of the linear 
substrates used to detect 3' to 5' (panel A) and 5' to 3' (panel B) directionality. Panel C shows 
the autoradiograph of the geL Lane 1 and 6 involve helicase reaction products with 5' to 3' and 
3' to 5' directionality substrates, respectively. Lane 2 and 5 represent no enzyme controls. 
Lane 3 and 4 are from electit^horesis of die denatured directionality substrates alone. The free 
oligonucleotide in lane 3 corresponds to the 21-nt oligonucleotide and the free oligonucleotide 
in lane 4 corresponds to the IS-nt oligonucleotide. 
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Table 1. Oligonucleotides used in preparing DNA helicase substrates 
Name Oligomer Sequence Commenu 
oligamcleodde 1 (47-mer) 5'-<T)jjGTTTTCCCAGTCACGAC(T)j5'3' 
oligonucleotide 2 
oligonncleoiide 3 
oligoiucleoiide 4 
oligonucleotides 
oligonucleotide 6 
(32-mer) ^-(DisO rniCCCAGTCACGAW 
(32-mer) y-GTnTCCCAGTCACGACOOjj-y 
(17^ner) y-GTmCCXIAGTCACGAC-y 
(32-meT) 5"-TCGAGCrcGGTACCCGGGGATCCTCT 
AGAGTC-r 
(21-mer) y-GGGGATCCTCrAGAGTCGACC-S' 
The middle 17 nucleotides are complemenuiy 
U) the -t- stimd of MI3mpl9 DN'A. U is used lo 
ptepere helicue substtmle with both S° and 3' 
tails. 
The last 17 nucleotides are complementary 
to the -t- stnnd of M13mpI9 DNA. It is used to 
prepare helicase substrate with S uil. 
The fint 17 nucleotides are complementary 
to ihe stiand of MI3mpl9 DN'A. It is used to 
pfepue helicase substrate with 3' tail. 
b is complementary to the -f strand of M13mpI9 
DNA and used to prepare I7-mer/M13 no tail 
substrate. 
Ii is complementary to the strand of M13mpl9 
DNA and used to prepare directionality substrate 
and 32-ffler/M13 no tail substrate. 
b is cotnplemeniaiy to the -i- strand of M13mpl9 
DNA and used to prepare 21-mer/M13 no uil 
substnte 
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substrates % unwinding substrates % unwinding 
ml3mpl9 ml3mpl9 
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Figure 3 
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CHAPTER V. GENERAL CONCLUSION 
Knowledge of the structure of an active chromosoiml origin of replication and 
identificadon of the replicadve enzymes required for inidadon are both prerequisites for 
understanding the regulation of eukaiytic DNA replication. Research in this dissertation has 
led to the identification of several cis- and one trans-acting factors potentially involved in the 
replication of rDNA in Tetrahymena thermophila. 
Significance of modular sequences and structural elements in the initiation of 
Tetrahymena rDNA replication 
Chapter II described specific DNA structural elements in the 5'NTS of Tetrahymena 
rDNA. The clustering of these elements in the origin region and their absence in the coding 
region of Tetrahymena rDNA suggests that they could fiinction in the initiation of Tetrahymena 
rDNA replication. Moreover, these modular sequences and structural elements are also present 
in origin regions in other organisms such as Drosophila, chick, and mammalian origin regions, 
suggesting that they may well be a conserved feamre of eukaryotic chromosomal origins of 
replication. It is important to know, however, that among these elements, only DUE has been 
proven to be an essential genetic component of replication origins in bacteria, SV40 and yeast 
by facilitating the opening of the replication origins. 
Features of the replication origin of Tetrahymena rDNA 
Does Tetrahymena DNA replication initiate at specific origin(s)? I propose that site of 
replication initiation of Tetrahymena rDNA is not likely in one specific site on the chromosome 
as in yeast ARS. This is based on four pieces of evidence: 1. the existence of common 
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T. thermophila DNA helicase I also co-fractionates with ssA-TIBF, a single-stranded DNA 
binding protein that specifically binds to a rDNA replication control element (Type I repeat). 
ssA-TIBF has a higher binding affinity for the Type I repeat present in a Tetrakymena rDNA 
allele with a replication advantage over other alleles in vivo. This correlation of the binding 
affinity for Type I repeat in vitro with the rDNA replication differences in vivo indicates that 
ssA-TIBF could function in the control of rDNA replication. Co-fractionation of 7. 
thermophila DNA helicase I with ssA-TIBF suggests that the two factors may physically 
associate to fiinction in rDNA replication cooperatively. An assay to directly test the function 
of r. thermophila DNA helicase I in the initiation of rDNA replication is presented in the 
appendix (Chapter VI). 
A model for replication initiation in Tetrakymena rDNA 
Based on the potential cis- and trans-acting elements described in this dissertation and 
other replication control elements identified previously, a model for the initiation of rDNA 
replication in T. thermophila is proposed here. The model is based on the following pieces of 
evidence and some speculations based on them: 
1. ssA-TIBF binds to single-stranded Type I repeats with high affinity. However, it 
can also bind to the double-stranded Type I repeats with -five fold lower affinity. Therefore, it 
is possible that ssA-TIBF first binds to the double-stranded Type I repeats and the associated 
r. thermophila DNA helicase I is loaded to the Type I repeats and starts to unwind DNA. Once 
the DNA duplex gets unwound, ssA-TIBF binds to the single-stranded Type I repeats more 
tightiy and this may generate some conformational changes in the origin region to lead to the 
further unwinding of rDNA from the two DUEs. 
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2. It has been previously proven that Type HI repeats in 5'NTS are the binding and 
cutting sites for topoisomerase. Therefore, it could be speculated that topoisomerase functions 
to release the positive supercoils generated by DNA unwinding. 
3. Localized unwinding at the two DUEs could facilitate initiation by creating entry 
sites for T. thermophila DNA helicase I and other components of replication machinery to stan 
DNA replication. 
4. The unwound DNA could be stabilized by the binding of single-sti^ded DNA 
binding proteins other than ssA-TIBF. 
5. Nuclear matrix associated regions could function to recruit the replication proteins 
and enzymes to the replication sites. Bent DNA segments could bring distant cis-acting 
elements to a closer contact. All of these events would occur cooperatively to ensure that 
initiation is correcdy performed. 
6. Since the 5'NTS contains several Type I repeats and the entire region has low 
helical stability, the initiation region is expected to be a large zone in the 5'NTS rather than a 
specific site. Since T. thermophila DNA helicase I prefers to unwind DNA substrates with a 
replication fork-like structure and translocates in a 3' to 5' direction, it could also function in 
the replication elongation process to open the duplex DNA for the synthesis of the leading 
strand. It could also interact with DNA polymerase to replicate rDNA cooperatively since they 
move in the same direction. 
Since the mechanisms of eukaryotic chromosomal DNA replication are far from clear, 
the model proposed here needs to be tested. Although this model is for the replication of 
Tetrahymena rDNA, the basic mechanisms involved in rDNA replication may well apply to 
eukaryotic chromosomal DNA replication in general. 
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Future directions 
Fuither work will be directed toward testing the model proposed above. The function 
of DUEs in the initiation of rDNA replication will be examined by genetic replacement of the 
DUEs with DNA fragments having higher helical stability to exanune whether rDNA 
replication is reduced or lost The gene that encodes T. thermophila DNA helicase I will be 
cloned to examine whether it is essential for rDNA replication by gene knock-out. The 
interaction of T. thermophila DNA helicase I with ssA-TIBF will be tested by 
immunoprecipitation. Ultimately, an in vitro replication system will be needed to rigorously 
test this model. 
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APPENDIX 
The work described in Chapters m and IV established the biochemical characteristics of 
T. thermopMla DNA helicase I, and provided some inqxirtant indications for its function in 
DNA replication based on its directionality and DNA substrate preferences. The next step 
would be functional analyses of this DNA helicase. As a start of this work, an origin 
unwinding assay will be used to detect the function of this helicase in rDNA replication. In this 
chapter, the origin unwinding reacdon will be described and the results will be discussed. 
Rationale of origin unwinding assay using fully duplex DNA 
All DNA helicases intrinsically prefer to bind to single-stranded DNA and they can 
unwind double-stranded DNA substrates containing non-complementary single-stranded tail(s) 
without DNA sequence specificity. However, very few can unwind substrates that are fully 
duplex, i.e., no single-stranded DNA tail in either side, and they do so with very low 
efficiency. 
In contrast, when a fully duplex DNA substrate is part of a DNA replication origin, 
only those replicative helicases that function to unwind the origin of eukaryotic viral DNA 
replication can efficiently unwind it In this case, the fully duplex DNA should contain the cis-
acting elements that are necessary and sufficient for the helicase to unwind the origin. This 
unwinding reaction is dependent on the origin sequences as well as on the specific interactions 
between the helicase and the origin sequences. Two replicative helicases in eukaryotic viral 
DNA replication have been shown to be able to unwind origin sequence-containing fully 
duplex DNA substrates. They are T antigen in SV40 and El protein in BPVl (bovine papilla 
virus 1). Each of them can efficiently unwind the duplex DNA with their own replication 
origin sequences but do not unwind the duplex without origin. The hypothesis is that if lbs 
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basic mechanisms of the oripn unwinding arc shared by replicative helicases in eukaryotic viral 
and eukaryotic cellular DNA replication, the origin unwinding assay can be used to identify 
replicative DNA helicase that functions in origin unwinding of eukaryotic cellular DNA 
replication. Based on this hypothesis, T. thermophila DNA helicase I was assayed for origin 
unwinding activity using rDNA origin sequences. 
Experimental design 
1. Selection of duplex DNA substrates 
Since previous work has shown that the 5'NTS of Tetrahymena rDNA contains an 
origin of replication, various subdomains of 5'NTS were selected as duplex DNA substrates to 
test origin unwinding activity of 7. thermophila DNA helicase I. 
A map of the origin region of Tetrahymena rDNA and the duplex helicase substrates 
used in origin unwinding assays are shown in Figure 1. Nuclease hypersensitive Domain 1 
and Domain 2 in 5'NTS contain rDNA replication origins detected by electron microscopy. 
This region also contains two Type I repeats which are genetic control elements of rDNA 
replication, six type III repeats which are the binding and cutting sites for topoisomerase n, a 
DNA unwinding element, and bent DNA fragments (Figure 1). Therefore, the following 
duplex DNA substrates were designed: 
1. Duplex 1 (231 bp): derived from nuclease hypersensitive Domain 1 and some 
downstream sequences of Domain I; it contains a Type I repeat, three Type III repeats, a DUE, 
and a bent DNA segment. 
2. Duplex 2 (216 bp): derived from nuclease hypersensitive Domain 2 and some 
downstream sequences of Domain 11; it contains a Type I repeat, three Type HI repeats, and a 
bent DNA fragment 
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2. Preparation of duplex DNA substrates 
Duplex 1 and 2 have been prepared by PGR amplification of the corresponding 
sequences within 5'NTS as described below. Oligonucleotide primers were designed against 
the DNA sequences as shown in Hgure 1 (small sized arrows indicate primers), and 
oligonucleotide sequences were analyzed by computer program Oligo 4.0. PCRs were carried 
out according to the standard protocol with the enq)irical concentration of MgCl2 which 
ensures a single amplified DNA product. The reactions were performed in the presence of [a-
32p]dATP and [a-32p]dTTP. The PGR products were analyzed by native polyacrylamide gel 
electrophoresis (PAGE). The gel slices containing the single amplified DNA product were cut 
and the amplified DNA products were obtained by extraction with the Wizard PGR kit 
3. Origin unwinding reactions 
The reaction conditions are basically the same as those used for T antigen in its origin 
unwinding reaction (Ref) with some modifications. The reaction mixture contained: 50 mM 
Tris-Cl (pH 7.5), 4 mM ATP, 2 mM MgCl2,25 M-g/ml Creatine phosphate kinase, 40 mM 
Creatine phosphate (pH 7.7), 5 mM DTT, 100 mg/ml BSA, 5% glycerol, 25 fmol of Duplex 1 
or Duplex 2, and 20 units of helicase. The reaction was carried out at 37°C for 30 minutes and 
stopped by adding SDS to 2%. The reaction mixtiffe was phenol extracted and the DNA was 
ethanol precipitated. The reaction mixture was analyzed on PAGE followed by exposure with 
a Phosphor screen. The result was analyzed by Molecular Dynamics Phosphorlmager. 
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Results and discussion 
No unwound products were detected in the origin unwinding assay under the given 
conditions. One reason may be that some factors are still missing. The missing factors could 
be either cis- or trans-acting factors or both. Since the mechanisms of eukaryotic DNA 
replication are far from clear and the required cis- and trans-factors have not been completely 
defined, the missing factors could be any factors that have not been identified. For example, 
the initiator protein may be required to interact with the origin sequences and then to cause the 
conformational changes of the origin. These conformational changes may be required for the 
replicative DNA helicase to unwind the origin. But the initiator protein has not been positively 
identified in Tetrahymena (although ssA-TIBF may be a good candidate for initiator protein). 
Another reason is that the hypothesis (the basic mechanisms of the origin unwinding 
are shared bv replicative helicases in eukarvotic viral and eukarvotic cellular DNA replication) 
may be not true, because the mechanisms of origin unwinding in eukaryotic viruses and 
eukaryotic cells may be different. Some other elements such as chromatin structure, nuclear 
envelope, nuclear matrix, etc., may also be necessary for origin unwinding in eukaryotic 
chromosomal DNA replication. Therefore, the reliability of the origin unwinding assay using 
naked fiilly duplex DNA containing replication origin sequences may require more 
understanding of the mechanisms of eukaryotic chromosomal DNA replication. 
The failure to detect origin unwinding activity under the given conditions does not 
necessarily mean that this helicase is not a replicative helicase. The future experiments will be 
to try other domains in the S'NTS region and even the entire 5'NTS in the origin unwinding 
assay. In addition, cloning and functional studies of the gene for this helicase will provide 
another way to directly examine the role of this helicase in DNA replication (see Chapter V). 
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FIGURE LEGEND 
Figure 1. The structure of Tetrahymena rDNA and the locations of duplex 
DNA used in origin unending reaction. 
The diagram of Duplex helicase substrates: 
The open boxes with the length in base pair (bp) show the two duplex substrates used 
in origin unwinding assays. The two arrows above and below each of two open boxes indicate 
the corresponding primers used in PCR. Duplex 1 has 231 bp and is derived from Domain I. 
It contains a Type I repeat, three Type HI repeats, a DUE, and a bent DNA segment Duplex 2 
has 216 bp and is derived from Domain 2. It contains a Type I repeat, three Type HI repeats, 
and a bent DNA segment Both Duplex substrates are within the major DUE region predicted 
by computer analysis (see Chapter II) and within the replication origin region detected by 
electron microscopy. 
Schematic diagram of the 21 kb palindromic rDNA: 
Arrows indicate rRNA transcription units. rRNA coding sequences are shown as solid 
boxes, transcribed spacers as open boxes, and the intron within the 26S gene as a gray box. 
Hatched lines represent telomeric sequences. The lower line is an enlarged diagram of the 
S'NTS region of the C3 rDNA allele. Putative replication origin(s) are indicated. Shaded bars 
indicate nuclease hypersensitive regions in chromatin. 1,11 and HI refer to Type I, n and HI 
repeated sequence elements conserved among several ciliate species. Repeated elements are not 
drawn to scale. The Type I repeat closest to the coding region is required for rRNA 
transcription in vitro. Type I repeats in which mutations that affect rDNA 
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replicadon/tnaintenance have been identified are indicated by asterisks (*). Type m repeats are 
binding and cleavage sites for DNA topoisomerase I. 
21 kb rDNA of Tetrahymena 
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